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AcutE and chronic malnutrition are widely prevalent among the dark-skinned 
people in South Africa. 

For several years we have been investigating the clinical and pathological mani- 
festations of acute malnutrition, including pellagra and nutritional oedema in children 
and in adults. By means of an improved liver biopsy method we have shown that in 
100 such gases extensive liver damage is invariably present (Gillman, Gillman, Inglis, 
Friedlander and Hammar, 1944; Gillman and Gillman, 1944). Moreover, repeated 
biopsies on the same patient suffering from recurrent attacks of pellagra revealed that 
the liver may become cirrhotic (Gillman and Gillman, 1944), Since we have shown 
liver injury to be present even in infantile pellagra (Gillman and Gillman, 1944), the 
high incidence of cirrhosis and primary hepatocellular carcinoma among young Africans 
becomes readily understandable. 

Owing to their poor economic status the. black people are obliged to live chiefly 
on a high carbohydrate diet consisting mainly of maize-meal. This is usually prepared 
in the form of a thick porridge, commonly known as “ mealie-pap.”” Depending on 
the relative affluence of the different tribes this staple diet may be supplemented 
irr egularly by beans, various types of vegetables, aaa frequently by fermented whole 
cow’s milk. 

We have shown already that mealie-pap and sour miik fed to young rats produce 
widespread lesions in the body, including an unusual variety of liver damage not 
hitherto described (Gillman, 1944; Gilbert and Gillman, 1944). 

The objects of this paper are firstly to describe the nature of the lesions in the 
livers of our experimental animals as well as their pathogenesis, and secondly, to 
-compare the liver lesions observed in our rats with those produced dietetically by other 
investigators. Moreover, it will be shown that the addition of a “ good ”’ food like 
milk to an otherwise poorly balanced diet, over a long ‘Period, can have a disastrous - 
effect on young, growing rats. 
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MATERIAL AND METHODS. 


In the first experiment, 125 newly weaned albino rats were fed liberal quantities 
of a diet consisting of fermented cow’s milk and a thick maize-meal porridge. The 
weight curves of these animals have already been recorded (Gilbert, Gillman, Mandel- 
stam, Gillman and Golberg, 1943). At the end of 15 months these animals were 
killed or the livers inspected by laparotomy. 

In the second experiment on the same diet newly weaned rats were also used, 
Laparotomies were carried out at frequent intervals and pieces of liver were removed 
for histological examination. 

In the third experiment rats weighing approximately 100 grammes were also fed 
mealie-pap and sour milk. In these animals, too, repeated liver biopsies were performed. 

While tissues were prepared by the paraffin method for histological examination, 
we regard the frozen section technique as indispensable for all liver studies. Bouin and 
formalin were our chief fixatives. 


OBSERVATIONS. 


Macroscopic. 
Normal livers. 


Before describing the abnormal livers of the rats on the experimental diet, it is 
necessary to refer briefly to the normal rat liver. The nomenclature adopted is that 
recommended by Hunt (1925). The liver in the adult rat consists of 4 main lobes— 
the left lateral, the right lateral, the median and the caudate. Viewed in situ the median 
lobe obscures the caudate, whilst its lateral borders partially overlap the right and left 
lobes. The relationship and shape of the other lobes are best seen by examining the 
inferior surface. The left lateral lobe (/./) is exceeded in size only by the median. 


The two parts of the caudate lobe (cl.a and cl.p) as well as the two divisions of the 
right lobe (rl.a and rl.p) are clearly depicted in Fig. 1. A noteworthy feature of the 
rat’s liver is the manner in which the median and left lateral lobes are each suspended 
by distinct pedicles consisting of the hepatic and portal veins and the lobar bile ducts, 
while the right and caudate lobes are more intimately connected. 


Pathological livers. 

At the end of 15 months there was a remarkable discrepancy in the macroscopic 
appearance of the livers (Fig. 2, 4, 6 to 10). In 80 per cent of the rats the livers 
were diffusely enlarged, of a pale yellow colour with red mottling where the dilated 
sublobular vessels came to the surface. In the remaining 20 per cent the livers 
were grossly distorted due to definite nodular cirrhosis, marked lobar enlargement, 
complete or partial absorption of one or more lobes, or generalized atrophy involving 
all the lobes. 

The diverse shapes of the livers are in large measure accounted for by the peculiar 
manner in which each of the lobes in the liver reacted to the dietetic imbalance. 
Accordingly, in the same animal liver cirrhosis developed in one lobe, while atrophy 
or diffuse enlargement affected the others (Fig. 2). Then whole lobes were completely 
absorbed while the others became diffusely enlarged (Fig. 8). In a few instances the 
grossly enlarged left lateral lobe underwent torsion around its narrow pedicle and this 
catastrophe killed the animal (Fig. 4, 9). 

In view of the unusual nature of the reactions of the lobes of the liver we have 
selected for description a series to demonstrate the various combinations of lesions 
encountered in a single liver. 
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The liver depicted in Fig. 9 is the largest encountered in this series. Viewed from 
the under surface, it can be seen that the left lateral lobe is enlarged to about three 
times the size of the normal left lobe (Fig. 1), and is at least twice as large as the rest 
of the liver. Only its upper half was covered by the median lobe while the rest pro- 
truded well into the abdomen. This lobe had undergone torsion and, as a result, was 
intensely congested and had a nutmeg appearance. Both the left and the right 
median lobes were small and diffusely fatty. Running through the centre of each of 
these divisions of the median lobe was a puckered zone caused by the atrophy of liver 
cells around the main hepatic veins of the lobe. Both portions of the right lateral 
lobes (not seen in Fig. 9) were atrophic and grossly fatty, while the two segments of 
the fatty caudate lobe were enlarged to about three times the size of the normal. 
Their surfaces were irregular, due to an increase in size of the individual liver lobules. 
the limits of which were demarcated by distended venules. The intense congestion 
of the enlarged left lateral lobe contrasts markedly with the yellow colour of the rest 
of the liver. 

The liver portrayed in Fig. 4 resembled that in Fig. 9 in so far as the left lateral 
lobe had also undergone torsion, but the necrosis is more extensive. The surfaces 
of the caudate and right lateral lobes are irregular, due to the enlargement of the 
individual lobules delimited by the dilated sublobar veins. The sublobar veins and 
their tributaries are well displayed in the left median lobe.. 

In Fig. 10 the degree of lobar distortion is well exemplified. Several deep fissures 
penetrating the surface distort the shape of the massive left lobe. The tissue of this 
lobe is intensely congested, and is suspended by a long narrow pedicle consisting of the 
hepatic vein and a segment of the main portal tract. Both portions of the median 
lobe are atrophic and very fatty. The bulky right lateral lobes are misshapen. ‘The 
hypertrophied anterior portion of the right lateral lobe is constricted about its middle. 
Constriction of the lobes of the liver is not uncommon in these animals. They may 
become so extreme that a lobe may be divided into two portions which are attached 
to one another by a thin pedicle. The distal segment may atrophy, and the remains 
persist only as a small tag of tissue appended to the distal pole of the enlarged upper 
segment. 

Well-marked cirrhosis of the liver involving an entire lobe is seen in Fig. 2. Here 
the left lateral lobe is extensively affected. The shape of this lobe is markedly dis- 
torted ; it is divided into upper and lower portions by a deep fissure in which rests 
a dilated vein. The upper division consists of irregular nodules, their sizes varying 
from 1-5 mm. in width to 10 mm. in length. These nodules are separated by deep 
irregular clefts containing distended veins. The nodules in the lower divisions are 
fewer, larger and smoother, with engorged veins running over their surfaces. The left 
median lobe is small and has a yellowish-red colour, while the right median lobe is 
half its normal size, but four times that of the left. The right lateral lobes are diffusely 
enlarged ; the posterior division is pear-shaped and is suspended by a short narrow 
pedicle in which course the hepatic and portal veins. The bulbous dependent portion 
has a yellowish-red colour with moderately dilated venules coursing on its surface, 
whereas the left lateral lobes of the livers depicted in Fig. 2 and 10 have undergone 
enlargement with varying degrees of cirrhosis. In the case of the liver shown in 
Fig. 6, this lobe has atrophied and remains as a thin, pale, atrophic flap, 11-5 mm. in 
diameter and 1-5 mm. thick. The anterior division of the caudate lobe has disappeared 
completely, while the posterior division is slightly enlarged. In this specimen, too, 
both parts of the right lateral lobe have increased in size and comprise the major 
portion of the liver. The two portions of the right lateral lobe together are 25 mm. 
thick. The sharp margins characteristic of the right lateral lobe in the normal liver 
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are no longer present, being instead smooth and rounded and traversed by dilated 
veins, which are especially prominent on the adjacent surfaces of the two portions of 
this lobe. Nodular hyperplasia and necrosis were absent. 

The unusual distortion of the liver in Fig. 8 is due to the atrophy of the left lateral, 
left median and caudate lobes, which persist only as small tags of fibrous tissue. Both 
portions of the right lateral lobe are grossly enlarged, and when the abdomen was opened 
they were seen to extend well into the pelvis. The anterior division of the right 
lateral lobe is pear-shaped ; the lower bulbous portion measured 15 mm. in thickness, 
and had a yellowish-red colour with distended superficial veins. The posterior portion 
is also enlarged, and has the same appearance as the anterior portion. 

‘While all the livers hitherto described were enlarged despite the atrophy or dis- 
appearance of one or more lobes, the liver shown:in Fig. 7 is notable in that all the 
lobes are very much reduced in size. It was the smallest liver encountered in our 
series. A comparison of this liver with the normal (Fig. 1) reveals the extent of the 
atrophy and the marked distortion. 

None of these livers resembles those hitherto described in the literature in dietary 
experiments. 2 


Microscopic. 

Although the various livers portrayed in Fig. 2-4, 6-10 appear strikingly different 
from each other, nevertheless we were able to group the histological features encountered 
into five categories, namely : 7 

1. Diffuse enlargement with extensive accumulation of fat. 
2. Cirrhosis. 

3. Diffuse enlargement with sinusoidal distension. 

4. Generalized atrophy. 

5. Lobar absorption. 


1. Diffuse enlargement with extensive accumulation of fat. 

This was observed in rats after 200 days on the diet. All the lobes of the liver 
are markedly enlarged (Fig. 2). Microscopically the architecture of the liver is unrecog- 
nizable, due to the occlusion of the sinusoids and the accumulation of single, large fat 
globules in almost all the liver cells (Fig. 14 and 22). 

This type of liver will be discussed in detail where the pathogenesis of the liver 
lesion is reviewed. 


- 


2. Cirrhosis. 


Reverting to Fig. 2, it will be seen that the left lateral lobe is cirrhotic. Histo- 
logically, this lobe exhibits all the reactions of a liver which is undergoing extensive 
cirrhosis. The characteristic feature is the presence of rather thick cellular bands of 
connective tissue dividing the liver up irregularly and distorting the normal architec- 
ture (Fig. 15, 18). These bands enclose more than one lobule, and are thickest around 
the larger portal tracts, where they measure up to a millimetre in width. In some 
regions the bile ducts are dilated, many of them have papilliform ingrowths or consist 
of cords of cells. These bile ducts oceur in clusters of different sizes. Lying in the 
fibrous bands, too, are cords or groups of liver cells containing coarse granules, some 
of which give a positive reaction for iron, and others stain with Sharlach R. The 
small hyperchromatic nuelei of these cells are irregular in shape. The fibrous bands 
diminish in calibre as they pass into the substance of the liver, where they may com- 
pletely encircle islands of hepatic tissue. Such islands of liver cells may exhibit all 
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the signs of degeneration or they may become hyperplastic. The liver is diffusely 
fatty. The cells may contain numerous discrete, uniformly sized droplets of fat 
reaching a size equivalent to that of the nucleolus. In some cells, although the droplets 
are reduced in number, they may be as large as the nucleus, while in scattered groups 
of cells the cytoplasm is occupied by a single large fat globule and the nucleus is 
pushed to one pole. In general there is no consistency in the structure and size of the 
nuclei of the cells of this cirrhotic lobe. Some are small and hyperchromatic, others 
are small and vesicular, and still others again may be double the average size. Occa- 
sionally a single fat globule may fill the entire nucleus, or there may be multiple small 

intranuclear fat droplets about the size of the nucleolus. Intranuclear fat may occur ~ 
in the absence of cytoplasmic fat. Scattered irregularly through this diffusely fatty 
lobe of the liver are islands or cords of liver cells devoid of fat. The cells related 
to dilated sinusoids possessing a thickened reticulum lose their fat and become © 
elongated. The peculiar basophilic cytoplasm of such cells presents a ground-glass 
appearance, and the nuclei may occupy the whole width of these flattened cells.. The 
vacuolated cells lying on the periphery of the thickened portal tracts, described by 
Mallory (1911) and Connor (1938) as typical of active cirrhosis, were frequently _ 
encountered in the cirrhotic lobe of this liver. 


3. Diffuse enlargement with sinusoidal distension. 


Diffuse enlargement is seen in the right lobe of the livers depicted in Fig. 2, 6 and 
8. A section through the bulbous extremity of the right lobe of the liver in Fig. 6 
reveals that very dilated sublobar veins are present immediately below the capsule, 
and these alternate with the portal tracts. A notable feature of this enlarged lobe is 
the enormous distension of the whole of the sinusoidal system (Fig. 16). The hepatic 
cells are so flat that it is possible to observe under low power uninterrupted sinusoidal 
communications between the large portal and hepatic veins. These flattened liver 
cells are usually devoid of fat, the cytoplasm is faintly basophilic, finely granular, and 
contains numerous small clear vacuoles (Fig. 23). Fat, in this liver, is scanty, and 
when it does occur it is found in the form of small discrete droplets scattered in the 
cells related chiefly to the larger portal tracts. In some areas in this lobe the portal 
tracts are outlined by the moderate accumulation of fine droplets of fat in the related 
hepatic cells. The amount of fibrous tissue is not obviously increased, but the indi- 
vidual reticular fibres are swollen. There is a moderate accumulation of round cells 
in the portal tracts. 

The reddish-yellow colour and the large veins observed macroscopically are 
explained by the alternation of the dilated hepatic veins and the sinusoids with peri- 
portal fatty zones. . 

Enlargement of this lobe of the liver is due in no small way to the great accumu- 
lation of blood-in the sinusoidal bed of the lobules. Moreover, the dilatation of the 
sinusoids may occur in only a portion of a lobe or it may involve the whole of one or. 
more lobes (Fig. 2, 6, 7). This distension of the sinusoidal bed may be regarded as a 
disturbance of the intrahepatic vascular mechanism which may lead ultimately to 
complete disappearance of the affected lobes. In’every instance where such a sinu- 
soidal distension was observed in one lobe there was always some degree of atrophy 
and degeneration of one or more of the other lobes of the same liver (Fig. 2, 6, 7). 


4. Generalized atrophy. 
_ A section of the small deformed liver previously described (Fig. 7) reveals that the 
liver cells are very much reduced in size (Fig. 12 and 20), and there is, as a result, a far 
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greater number of cells per unit area than in any other liver thus far examined (cf. 
Fig. 11, 12, 19, 20). Many of these cells have a pale pink flush in Sharlach R stained 
sections, but distinct fat droplets are very scanty. The nuclei of the hepatic cells 
show no abnormality, but they are extremely small, especially in binucleated cells 
(Fig. 20). 

The sinusoids are almost occluded, the hepatic veins are widely dilated and there 
is only a slight periportal thickening. 

The generalized atrophy of this liver can be directly attributed to a diminution in 
the size of the hepatic cells, as well as to the sharp reduction of the amount of blood 
circulating through the sinusoids. 


5. Lobar absorption. 


In almost all the livers depicted in Plate I, one or more lobes had undergone partial 
or complete atrophy. In the latter instance whole lobes were absent, or represented 
by tiny tags of fibrous tissue attached to large hepatic veins. Such lobar absorption 
may be secondary to diffuse enlargement with sinusoidal distension. In these instances 
the narrow trabeculae (Fig. 23) break down, the reticulum is destroyed and pools of 
blood replace the liver tissue. This usually occurs first under the capsule. The blood 
is redirected into new channels, and as a consequence the lobe becomes reduced in 
size. At no stage in this process is there any evidence of acute necrosis or an inflam- 
matory reaction. This vascular change is not a haemorrhage as commonly understood. 
by pathologists, since in no instance was the blood found outside the vessels. 

Disappearance of entire lobes may occur in another fashion. This process is illus- 
trated macroscopically by the central puckered zones in both halves of the median 
lobe of the liver in Fig. 9. This puckering is due to lobular collapse caused by a. 
gradual absorption of cells related to the main hepatic vein and its large tributaries. 
The cells in this region are at first filled with fat. They become reduced in size. The 
sinusoids are narrowed, the histiocytes appear to be increased and contain pigmented 
particles of varying sizes. Later the liver cells disappear and the connective tissue 
around the hepatic veins appears to be oedematous and relatively acellular. This 
massive absorption of liver cells is unattended by compensatory proliferation of neigh- 
bouring liver cells. The portal tracts containing concentrations of round cells become 
relatively more numerous, due to the absorption of the intermediary liver tissue. As 
this process of massive absorption of liver cells extends progressively down the hepatic 
veins, and the loss of tissue is not replaced by surviving cells, the venous trunks are 
exposed. Consequently, a small atrophic tag of liver tissue may be found appended 
to a long dilated vein. As a rule, however, with the absorption of the liver tissue, the 
smaller hepatic radicles become at first fibrosed and later occluded ; the portal tracts 
become reduced in size, the lobe becomes smaller and may disappear completely. 

It must be emphasized that this process of lobar absorption is not the result of an 
acute necrosis such as has been described by Gyérgy and Goldblatt (1939), nor can it 
be regarded as the result of an infarct. The lack of any signs of acute or chronic 
inflammatory change is a noteworthy feature. This process, moreover, is definitely 
not associated with proliferation either of the connective tissue or of the liver cells. 


Pathogenesis of the Hepatic Lesions. 


The livers of the first series of 125 animals were not examined until the end of the 
fifteenth month. The diversity of the lesions encountered has already been fully 
emphasized. All these rats exhibited hepatic damage of varying degree, culminating 
in frank cirrhosis in 20 per cent of the animals. 
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Having firmly established that the diet of mealie-pap and sour milk was capable of 
inducing severe liver. damage, it then became necessary to ascertain the sequence of 
events in the development of the hepatic lesion. With this end in view another large 
series of animals was put on the diet, and liver biopsies were taken every week for the 
first three months and thereafter every 30 to 60 days. At various intervals the livers 
of all the experimental animals were inspected through a small abdominal incision. 

Two weight groups were used for the purpose, namely, animals with an initial 
weight of 50 g. and a second group weighing approximately 100 g. 


Reactions in the liver of animals 50 g. in weight. 


After the rats have been on the diet for 21 days the livers are macroscopically 
enlarged. Microscopically, the cells of the peripheral two-thirds of the lobule contain 
fine droplets of fat; the portal tracts are easily identified by the grouping of fat- 
containing liver cells and by the heavy infiltration of round cells. The sinusoids are 
closed, while the sublobular veins are dilated. 

By the 35th day the amount of fat has increased, and in many cases extends 
throughout the lobules, which are increased in size. The round cells in the portal 
tracts, however, are scanty. 

At the 50th day the round cells have reappeared and are arranged eccentrically in 
the portal tracts. At this time, moreover, the fat is distinctly polarized along the 
sinusoidal borders of the hepatic cells. The nuclei are irregular in size and structure, 
but giant nuclei so characteristic of rat livers poisoned for a short time with carbon 
tetrachloride are not observed. 

Although the liver damage becomes progressively worse between the 50th and 
100th day, biopsy does not reveal any pathological process different from that seen 
at the 50th day. After the 100th day the fat droplets tend to fuse and scattered cells 
are filled with single large fat globules (Fig. 13). The fat tends to be zonated in such 
a way that fat-containing zones alternate with fat-free zones. The latter are related 
chiefly to the radicles of the hepatic veins. One feature of note is the appearance and 
disappearance of round cells in the portal tracts in a seemingly rhythmical fashion. 

By the 150th day three distinct features may. be oteerved 3 in the liver, namely : 

1, A thickening in the portal tracts. 

2. A gross enlargement of many of the lobules, caused by a moderate 
dilatation of the sinusoids. 

3. An increase in the number of liver cells containing a single large globule 
of fat. 

Many of the dilated sinusoids tend to assume a curved course from the portal to 
the sublobular veins. As a consequence, the lobule acquires a rounded contour as 
contrasted with the square or quadrilateral appearance in normal livers, 

During the next 100-120 days (250-270 days from the outset) there is a large 
amount of-stainable fat in the liver. The liver may then react in one of two ways. 
In the first type of reaction the fat droplets in the cells related to the sublobular veins 
fuse to form single large globules (Fig. 14 and 22). The lobules are distinctly enlarged, 
but the liver architecture is not.distorted. The second form of reaction expresses 
itself chiefly as a progressive accumulation of fat in all the grossly enlarged liver cells. 
This enlargement of the individual liver cells is primarily responsible for the twofold 
increase in the size of the liver. This can be readily appreciated by comparing Fig. 19 
and 22. In the enlarged liver cell the fat is in the form of a single droplet filling the 
entire cell (Fig. 14 and 22). The sinusoids are closed, and only the large portal 
tracts can be identified under the low power. A section of the liver at this stage is 
almost indistinguishable from peri-renal adipose tissue. Although the sinusoids are 
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for the most part closed, the portal veins establish direct communication with the 
sublobular through occasional groups of dilated sinusoids. These direct channels are 
best seen just below the capsule of the liver, and there the smali hepatic veins may 
increase in size to such an extent as to be visible with the naked eye. 

Between the 250th and 450th days the liver may undergo any of the pathological 
changes terminating in cirrhosis, diffuse enlargement, diffuse atrophy or lobular 
degeneration. Whatever the ultimate outcome of the process, the liver invariably 
passes through the stage of enlargement associated with an enormous accumulation of 
fat in the liver cells (Fig. 3, 14, 22). 

If the liver becomes cirrhotic (Fig. 2 and 10) it occurs in the following sequence. 
The sinusoids which in the fatty liver were for the most part closed, now in some 
parts commence to open slightly. Coincidentally, the large globules of fat become 
reduced in size and may completely disappear from some cells, but the lobule still 
remains diffusely fatty. : 

The sinusoids do not converge radially towards the central veins, but groups of 
them seem to run in different directions. The sinusoidal pattern therefore becomes 
profoundly modified in such a fashion that a group of sinusoids may run in one direction 
and an adjacent group in another. This is well shown in Fig. 16 and 17. In Fig. 17, 
a section through the capsular region, the very widely dilated sinusoids connecting 
the large portal and subcapsular veins are clearly depicted, while on either side of 
these the sinusoids follow a different course. In Fig. 16 it can be seen that a group 








Fic. 1.—Inferior surface of the liver of a control rat on full diet. cl.a, anterior division of caudate lobe ; 
cl.p, posterior division of caudate lobe ; rl.a, anterior division of right lateral lobe ; rl.p, posterior 
division of right lateral lobe ; r.m, right division of median lobe ; 1.m, left division of median lobe ; 
Ll, left lateral lobe. : 

Fic. 2 and 4; 6 to 10.—A selection of livers of rats fed on mealie-pap and sour milk for 15 months. 

Fic. 3.—Diffusely enlarged fatty liver of a rat after 200 days on. the diet. 

Fic. 5.—Liver of rat poisoned with small doses of carbon tetrachloride for four months. 


Fie. 11-15.—Frozen sections stained with Sharlach R and Ehrlich’s acid haematoxylin. All 
photographed at same magnification, x 80. 

Fic. 11.—Liver of a control animal on a full diet. 

Fic. 12.—Section of atrophic liver portrayed in Fig. 9. 

Fic. 13.—Section of liver of 50 g. rat at the end of 120 days. 

Fie. 14.—Section of liver (Fig. 3) of 50 g. rat at the end of 200 days. 

Fie. 15.—Section through cirrhotic left lobe of liver (Fig. 2). 


Fic. 16.—Section through bulbous portion of enlarged lobe of liver (Fig. 8) to show great distension 
of sinusoidal system. . 

Fie. 17.—Section through subcapsular region of left median lobe of liver (Fig. 4) to show dilated 
subcapsular vessels at (a). 

Fie. 18.—Section through right lobe of liver (Fig. 2) to show early cirrhosis. 


Fig. 19-24.—-Frozen sections stained with Sharlach R and Ehrlich’s haematoxylin. All photo- 
graphed at same magnification, x 800. 

Fic. 19.—Section from liver of a control rat (Fig. 1 and 11).° 

Fic. 20.—Atrophic liver (Fig. 7 and 12). 

Fic. 21.—Section of same liver as in Fig. 13 showing all stages in the fusion of coarse fat droplets 
to form, in one cell, a single large globule which is vacuolated. 

Fia. 22.—Enormously enlarged cells filled with single fat globule. (Same as Fig.3and 14.) __ 

Fic. 23.—Showing distended sinusoids and flattened liver cells observed in liver depicted in Fig. 8 
and 16. 

Fic. 24.—An unusual type of liver cell encountered in one animal showing thick cell walls, vacuolated 
cytoplasm and occasional small fat droplets localized chiefly to the biliary pole of the cell. 
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of sinusoids run in one direction, and in this way demarcate a segment from the 
rest of the lobule. The outermost curved sinusoids of this segment become more 
dilated and the reticulum is thickened. Later the thickened reticulum is. reinforced 
by an ingrowth of fibroblastic elements from the adjacent fibrosed portal tract (Fig. 18). 
In this way a segment of liver tissue becomes severed from the rest of the lobule. Such 
islands of liver cells may undergo hyperplasia, or the sinusoids may become progres- 
sively dilated, the reticulum thickens, the liver cells atrophy and many of them are 
absorbed. Many atrophic liver cells may be arranged in groups or rows in the thickened 
portal tracts and frequently contain pigment. ° These clusters of cells represent the 
remnant of a segment of a liver lobule. 

With the progressive thickening of the reticulum of the sinusoids connecting the 
portal and sublobar veins, the two sets of vessels are drawn closer together until they 
are both enclosed in the same band of fibrous tissue. In the capsular region these 
dilated sublobar veins are clearly visible coursing over the surface’ of the liver (Fig. 2). 
In this way the architecture of the liver is profoundly distorted. It is not always easy 
to locate the position of the large hepatic veins. 

As already indicated above, diffuse lobular enlargement resulting from sinusoidal 
distension (Fig. 8 and 16) terminates in lobar atrophy. It is necessary to refer briefly 
to the events culminating in the partial or total lobar atrophy. The degeneration and 
absorption of the flattened trabeculae separating the enlarged sinusoids lead to the 
formation of pools of blood. These pools are surrounded by the surviving flattened 
trabeculae supported by the thick reticulum. There is no coagulation, thrombosis or 
other evidence of acute haemorrhage. These.areas must now be regarded as large 
vascular channels extending between the hepatic and portal veins. For a time, at 
least, they may be regarded as dilated shunts, but later they diminish in calibre, and 
as a result of the degeneration of the lobules, the distended lobe undergoes atrophy. 
A long dilated venous stalk to which is attached a fragment of liver tissue represents 
the end-result of this process. Dr. Peyton Rous, in a personal communication, drew 
our attention to the similarity of this lesion in the livers of our rats and the lobar 
atrophy in rabbits following ligature of the portal vein described by Rous and 
Larimore (1920). The shunts between the hepatic and portal veins in our rats may 
produce such a diversion of the portal blood that the death and absorption of the 
liver cells may be accelerated in a manner similar to that following ligation of the 
portal vein. Although this atrophic process in the left and median lobes is preceded 
by atrophy of the liver trabeculae, the establishment of the venous shunts is materially 
facilitated by the proximity of the main hepatic and portal radicles in the liver of the 
rat. The development of this atrophic process in the left and median lobe is dependent 
to some extent upon the anatomical arrangement of the hepatic and portal vessels in 
the liver. The peculiar arrangement of the hepatic veins and the portal tracts of the 
rat's liver in relation to the pathological process as outlined above will be more fully 
reported in a later communication. 

The other processes frequently responsible for distortion of the liver in our animals 
are lobar absorption and generalized atrophy. These are both end-results of the 
diffusely enlarged fatty livers and are found usually after the 350th day of the experi- 
ment. We wish to emphasize that generalized atrophy of the liver portrayed in Fig, 7 
is the rarest liver lesion encountered in our series. 


Reactions in the livers of rats weighing initially 100 g. 


Although we have not been able to study the effects of the mealie-pap and sour 
milk diet for more than 200 days, we have observed, even over this period, significant 
differences in the reactivity of the livers of the heavier animals. 
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Fatty change does occur in the liver cells of the 100 g. animals. It commences 


at the end of one month, and develops to the maximum for these rats at the end of the © 


100th day. Thereafter, however, the lesion does not progress as it does in the younger 
animals. In fact, in some animals the fat becomes reduced between the 100th and 
150th day. Even after 200 days on the diet, fatty changes are not as well marked as 
those observed in the livers of the lighter weight animals after 140 days. 

We are unable at this juncture to predict the ultimate effects of the diet on the livers 
of the heaviest animals. 

These observations on the reactivity of the livers of animals of different initial 
weights, as well as other results not yet published, indicate firstly that liver damage 
progresses much more rapidly in younger animals (i.e. 50-60 g. initial weight), and 
secondly, despite the fact that these lighter animals may increase their weights con- 
siderably, nevertheless the liver becomes much more extensively injured than in the 
heavier animals on the experimental diets for the same length of time. 


DISCUSSION. 


Pathogenesis. 


The accumulation of fat in the liver cells is the first obvious reaction to the diet 
of mealie-pap and sour milk. This is associated with extensive. occlusion of the 
sinusoidal system as well as with an accumulation of round cells in the portal tracts. 
Round cells invariably accompany the accumulation of fat, but they may — 
and reappear in a seemingly rhythmical fashion. 


Fat disappears spontaneously when the animals cease to gain weight, : or when .- 


dental deformities seriously interfere with the intake of food. This relationship 
between growth and the accumulation of fat in the liver was also emphasized by Handler 
and Bernheim (1943). They stated that fatty livers in choline-deficient diets can 
only be induced when all other factors are close to optimal for growth. In their 
experiments the fat concentration in the livers of thiamine and choline-deficient 
animals rose rapidly during the period of growth, and then diminished during the period 
when weight was lost. Once the fat has appeared in the livers of our animals it may 
progress steadily until almost all the hepatic cells are filled with single large fat globules. 
The liver at this stage resembles those depicted by Gyérgy and Goldblatt (1940, 1942), 
Chaikoff, Connor and Biskind (1938), and Blumberg and Grady (1942). Although 
the architecture of such an extremely fatty liver is profoundly modified, there are 
at this stage no signs of incipient cirrhosis. This type of fatty liver in which almost 
all the liver cells contain a single large fat globule (Fig. 14 and 22) represents the end- 
results of damage to a specific mechanism in the liver cell. Thereafter, as far as our 
livers are concerned, the lesion may progress in one of two ways. Either the sinusoids 
may become increasingly distended with gradual absorption of the fat, leading at 
first to diffuse lobular enlargement, and later to atrophy and disappearance of the 
entire affected lobe without any cirrhosis or nodular hyperplasia, or on the other hand, 
the sinusoids may open slightly, the fat may be reduced in quantity, the droplets 
become smaller, and there is an extensive ingrowth of fibrobastic elements from the 
thickened portal tracts. This culminates in cirrhosis, which may or may not be 
associated with nodular hyperplasia. 

The diffusely enlarged fatty liver, the engorgement of the sinusoidal system 
followed by the atrophy and disappearance of lobes and extensive cirrhosis probably 
represent reactions to injury of three separate mechanisms. The fatty liver is appa- 
rently an essential precursor of lobular atrophy or cirrhosis. Daft, Sebrell and 
Lillie (1942) suggested that cirrhosis, haemorrhage and necrosis were distinct entities 
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in their experimental animals. Our experiments indicate that different sets of con- 
ditions are apparently necessary to evoke sinusoidal distension and lobular atrophy 
on the one hand, and cirrhosis with nodular hyperplasia on the other. On this basis 
we may suggest that a fatty liver of the character described above, even when of long 
standing, may not necessarily terminate in cirrhosis. Moreover, although the extensive 
accumulation of fat in liver cells implies cellular injury, this injury to the liver cells 
does not necessarily excite a fibroblastic reaction, for we have already shown that 
whole trabeculae may disappear without any evidence of fibrous tissue reaction. In 
the latter instance, neither the parenchyma nor the interstitial tissue is capable of ~ 
repairing the effects of the injury, and, as a consequence, entire lobes may disappear. 

Whatever the nature of the injury, it is clear that the regenerative capacity, both 
of liver cells and of connective-tissue elements, has been completely suppressed. Con- 
versely, it would appear that nodular hyperplasia and cirrhosis are manifestations of 
stimuli exciting proliferative activity of both the liver cells and of the connective 
tissue. 

In a hypertrophic cirrhosis the regeneration of liver cells keeps pace to some extent 
with the hyperplasia of the connective tissue, whereas in atrophic cirrhosis, the con- 
nective-tissue elements proliferate either without a corresponding response in the 
liver cells or even at the expense of degenerating liver cells. Moreover, when both 
tissues react simultaneously either by proliferation or degeneration, it does not neces- 
sarily imply that such a dual reaction is the response to a single stimulus. The failure 
to appreciate the independence of the hepatic parenchyma and of the interstitial tissue, 
in our opinion, has been largely responsible, not only for the unstable character of our 
knowledge concerning the genesis of hepatic cirrhosis, but also for the present experi- 
mental methods of attacking the problem. Our findings in this respect support the 
views expressed by Daft, Sebrell and Lillie, even though in our animals the mode of 


development of cirrhosis was different. 


Etiology. 

Liver damage, including cirrhosis, has been produced by a variety of agents. 
These may be classified as bacterial toxins, chemical poisons and metabolic disturbances, 
which include dietetic imbalances and endocrine disorders. 

The extensive review by Moon (1934), as well as the work of Cameron and 
Karunaratne (1936) and Cameron, Delafield and Wilson (1940), reveal that chemical 
and bacterial toxins produce either a haemorrhagic necrosis or citrhosis affecting 
simultaneously all the lobes of the liver. The pictures published by Cameron and 
Karunaratne (1936) portray the symmetrical distribution of the cirrhosis following 
chronic poisoning with carbon tetrachloride, which we have also produced and depict 
in Fig. 5. 

The pathological livers encountered in our rats on an experimental diet of mealie- 
pap and sour milk are totally different from the livers produced by chemical and 
bacterial poisons. Moreover, from the literature available it is evident that neither 
bacterial toxins nor chemical poisons have ever caused the disappearance of one or 
more lobes of the rat’s liver. The distorted livers in our rats, therefore, cannot be 
regarded as having been produced by any of the known poisons or toxins. 

In recent years it has been shown that dietary factors may play an important role 
in the causation of liver disease. A careful examination of the literature reveals that 
while cirrhosis and other forms of hepatic damage have been produced in the livers of 
rats by dietary imbalances, where diets were low in proteins (Lillie, Daft and Sebrell, 
1941 ; Himsworth and Glynn, 1944), rich in fats (Chaikoff et al., 1938 ; Blumberg and 


Grady, 1942; Blumberg and McCollum, 1941), deficient in various vitamins (Gyérgy 
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and Goldblatt, 1939; Best and Lucas, 1943 ; Spellberg and Keeton, 1940), or badly 
balanced in respect of amino acids (Best and Lucas, 1943 ; McHenry and Patterson, 
1944; Griffiths, 1941 ;' Earle and Victor, 1941), the pathogenesis simulates in many 
respects that following acute or chronic poisoning with chemical or bacterial toxins. 
Fat accumulation and acute necrosis with a variable degree of haemorrhage are con- 
sistent events in the development of the lesion. Gyérgy and Goldblatt (1942) even 
state that “the precirrhotic changes (induced in their animals by dietary means) are: 
more like those of so-called ‘ acute yellow atrophy.’’’ Moreover, these same authors 
state: “‘ The probability is great that the diffuse fibrosis that occurs is a combination 
of condensation fibrosis as well as definite increase of periportal connective tissue 
replacing the degenerated and necrotic parenchyma.” 

In the livers of our animals necrosis and haemorrhage were conspicuously absent. 
Cell atrophy associated with sinusoidal distension was frequently observed (Fig. 23). 
In many instances the complete degeneration of atrophic trabeculae resulted in fusion 
of distended sinusoids. to form pools of blood enclosed by endothelial cells. There 
was no thrombosis, no round-cell infiltration or other evidence usually associated with 
a recent or old haemorrhage. This reaction could not be regarded as an extravasation 
of blood resulting from acute necrosis. 

In the type of cirrhosis described by Blumberg and Grady (1942) and by Chaikoff 
et al. (1938), and Connor (1938) in depancreatized dogs and later by Connor (1939) in 
human alcoholics and diabetics there was no haemorrhagic necrosis, but the fibrosis. 
was preceded by long-standing fatty changes in the liver. The livers depicted by 
Blumberg and Grady produced by a high fat diet are macroscopically indistinguishable 
from the livers in chronic carbon tetrachloride poisoning, but haemorrhage and necrosis 
were not the precursors of the cirrhosis, as was the case in the livers described by 
Gyorgy and Goldblatt (1939) and Himsworth and Glynn (1944). 

There seems little doubt from the available evidence that fatty livers can be — 
produced by dietary means, and that such livers may subsequently become cirrhotic 
or undergo haemorrhage and necrosis. In all the reports available to us where gross 
and microscopic photographs were published, the hepatic changes as depicted in the 
photographs were indistinguishable from those caused by acute or chronic poisoning 
with chemical and bacterial toxins in that the same pathological process affected the 
liver more or less symmetrically. Gyérgy and Goldblatt (1939) have carefully con- 
sidered the possibility that the liver damage in their animals might have been caused 
by an exogenous or an endogenous poison. In their experiments, liver damage 
occurred only under specific dietary conditions, so that if toxins were responsible, they 
were elaborated and exerted their effects only in animals having a particular dietetic 
background. A comparison of the liver injured by dietary means with that severely 
damaged by a toxic fraction derived from Bact. typhi murium (Cameron et al., 1940) 
emphasizes the great similarity in the pathological processes. In the experiments 
recorded by Gyérgy and Goldblatt, the livers first underwent diffuse fatty change, 
and thereafter some other factor, either endogenous or exogenous, induced necrosis 
and haemorrhage and ultimately cirrhosis which was not localized to any single lobe. 
In our rats the livers also became diffusely fatty, but thereafter there was a great 
diversity in the sequence of events in the development of the pathological process in 
different lobes of the same liver. Such a diversity of reactions could scarcely be 
accounted for by a diffusely acting “‘ toxin ’’ or metabolite. 

Himsworth and Glynn (1944) have recently stated that in the presence of severe 
protein deficiency the entire liver.undergoes haemorrhagic necrosis. If the animal 
survives, then in their opinion this liver damage ends in cirrhosis. However, if the 
protein deficiency is not so severe, then only the right lobe of the liver is injured. In 


78 





badly 
erson, 
many 
Oxins, 
e con- 
) even 
is) are: 
uthors 
nation 
tissue 


bsent. 
y. 23). 
fusion 
There 
d with 
sation 


raikoff : 
939) in 
ibrosis . 
ed by 
shable 
ecrosis 
ed. by 


‘an be 
rrhotic 
> gross 
in the 
soning 
ed the 
y con- 
caused 
amage 
e, they 
dietetic 
verely 
1940) 
iments 
hange, 
ecrosis 
e lobe. 
. great 
cess in 
ely be 


severe 
animal 
, if the 
d. In 


the livers of our animals all the lobes were affected simultaneously from the outset, 
and all became chronically damaged. No single lobe of the liver was free from injury, 
but each lobe reacted differently ; for example, one lobe could undergo cirrhosis, another 
atrophy and complete absorption, while a third could become diffusely hypertrophied. 
This, in our opinion, cannot be compared with the reactions in the liver caused by 
protein deficiency. The factors determining the curious variations in the reactivity 
of the different lobes of the liver are being investigated. 

We have found that young rats fed on mealie-pap alone do not develop lesions in 
the liver apart from the generalized atrophy caused by inanition. The growth of these 
animals is almost completely arrested, and at the end of fifteen weeks all the animals 
were dead (Gilbert e¢ al., 1943). It is known that selenium, a toxic substance, is 
present in maize (Sterner and Lidfelt, 1941 ; Williams, Lakin and Byers, 1941). The 
absence of any manifestations of selenium poisoning in the animals fed exclusively on 
mealie-pap may possibly be accounted for by the low concentration of selenium in 
our maize-meal, or the selenium in the concentration present in the maize can only 
produce the toxic effects described by Lillie and Smith (1940) against a particular 
nutritional background. , 

When sour milk is added to the maize diet then all young rats invariably develop 
hepatic lesions. All the young animals on this diet grew steadily, although not at the 
same rate as the controls on a full diet (Gilbert e¢ al., 1943). Milk is known to contain 
growth-promoting substances. The addition of sour milk to the diet not only kept 
the animals alive, but stimulated growth and created circumstances favourable for 
the development of hepatic lesions. ; 

From this two important facts emerge. Firstly, while the growth curves of the 
experimental animals on milk and high carbohydrate (maize-meal) approximated the 
normal, nevertheless, as we have already indicated, extensive damage of the liver and 
other organs invariably occurs. The growth curve of rats, therefore, cannot be 
regarded as a reliable indicator of their well-being. Secondly, and possibly of great 
importance, ‘is the fact that, while the addition of milk to a high carbohydrate diet 
does stimulate growth and prevent premature death from inanition, such a combina- 
tion of a supposedly “‘ good ” food like milk and excessive carbohydrate eventually 
produced disastrous effects. 

That rapid growth is a necessary condition for the development of liver damage in 
our animals is shown, firstly, by the fact that older animals (100 g.) develop fatty livers 
much more slowly than younger rats (50 g.), and secondly, that young animals which 
grow slowly either lose the fat in the liver or else the fatty change does not become 
extensive. 

Although the diet of mealie-pap and sour milk is badly balanced, it is nevertheless 
capable of stimulating growth. We conclude tentatively that the lesions which develop 
in the liver are not due to the presence or absence of any specific factor or factors, 
but are due rather to the general inperfections of this diet accentuated by the great. 
demands of rapidly growing young animals. 

It would appear, therefore, that young animals protected by a properly balanced 
diet during the phase of active growth are better able, when older, to withstand the 
deleterious effects of mealie-pap and sour milk. 


SUMMARY AND CONCLUSIONS. 

1. Rats weighing 50 g., fed'a diet of mealie-pap (maize-meal porridge) and sour 
milk ad lib., at the end of 15 months develop severe liver damage. This expresses 
itself as a diffuse fatty liver, cirrhosis, lobar absorption or diffuse lobar enlargement. 
One or more of these pathological processes may be present in the same liver. 
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2. Biopsies of the livers of these rats, performed at frequent intervals, revealed 
that fat appears in the liver cells at the end of 14 days and increases steadily until, 
after 250 days, the liver is diffusely enlarged due to the accumulation of single large 
fat globules in almost all the liver cells. At this stage the sinusoids are, for the most 
part, closed and the liver is relatively avascular. Thereafter secondary changes may 
occur, leading to the absorption or diffuse enlargement of entire lobes, or to nodular 
cirrhosis. The pathogenesis of each of these lesions has been described. Haemorrhage 
and necrosis were not encountered in the livers of our experimental animals. 

3. The hepatic damage produced in our animals is totally different from that 
hitherto described in the literature. 

4. On the basis of our findings it would appear that the hepatic parenchyma and 
the interstitial tissue react independently of one another to the dietary injury. Cir- 
rhosis is not a necessary sequel to hepato-cellular damage, and, in fact, whole lobes 
of the liver may be absorbed without any stimulation of the connective-tissue elements. 
In the development of the liver lesions there are two distinct phases. The first mani- 
fests itself as a diffuse accumulation of fat in the liver cells, and the second is a vascular 
change which may culminate in complete lobar absorption, or may be associated pre- 
dominantly with a fibrous tissue reaction with or without the regeneration of liver 
cells. A long-standing fatty liver does not necessarily culminate in cirrhosis or lobar 
absorption. The absorption of an entire lobe implies a complete suppression of the 
reparative powers of the liver, together with the inhibition of some factor essential 
for the survival of the parenchyma and interstitium. 

5. Animals over 100 g. are very resistant to the effects of this diet as compared 
with younger animals (50 g.). On our diet, growth is apparently an essential factor 
for the development of liver damage. The addition of fermented cow’s milk to a diet 
of mealie-pap alone promotes growth and prevents death from inanition, but the 
animals. invariably develop widespread lesions, including severe liver damage. It 


would appear that young animals protected by a properly balanced diet during the 
phase of active growth, when older, are better othe to withstand the deleterious effects 
of mealie-pap and sour milk. 


We wish to acknowledge our great indebtedness to Prof. Raymond A. Dart for 
his sustained interest and encouragement. Our thanks are due to Miss W. Till and 
Mr. D. 8S. Dry, for their invaluable assistance in the preparation of the extensive 
histological material used in this study. 


REFERENCES. 


Best, C. H., anp Lwveas, C. C. —{1943) ‘Vitamins and Hormones,’ 1, 1. New York 
(Academic Press Inc.). 

BiumBerG, H., anp Gravy, H. G.—(1942) Arch. Path., 34, 1035. 

BLUMBERG, H.. AND McCottuM, E. V.—(1941) Science, 93, 598. 

Cameron, G. R., DELAFIELD, M. E., anp Wixson, J.—(1940) J. Path. Bact., 51, 223. 

Cameron, G. R., anD KarunaratneE, W. A. E.—(1936) Jbid., 42, 1. 

Cuarxorr, I. L., Connor, C. C., anp Biskinp, G. R.—(1938) Amer. J. Path., 14, 101. 

Connor, C. L.—(1938) Jbid., 14, 347. Pe ge J. Amer. med. Assoc., 112, 387. 

Dart, F. S., SEBRELL, W. H., AND Lituig, R. D.—(1942) Proc. Soc. exp. Biol. Med., 50, 1. 

Ear.g, D. P., AND VICTOR, J-—(1941) J. exp. ‘Med., 73, 171. 

GILBERT, C., GILLMAN, ee MANDELSTAM, J., GILLMAN, T., AND GoLBERG, L.—(1943) S. Afr. 
J. med. Sci., 8, 148. 

GILBERT, C., AND GILLMAN, J.—(1944) Science, 99, 398. 

Gittman, J.—(1944) Brit. med. J., i, 149. 

Idem anv Gittman, T.—(1944) Lancet, ii, 161. 


80 





SRRwweae@S@ee eee tt OO lO 


ealed 
until, 
large 
most 
; may 
dular 
rhage 


that 


y and 

Cir- 
lobes 
1ents. 
mani- 
scular 
1 pre- 
liver 
lobar 
»f the 
ential 


pared 
factor 
a diet 
it the 
a, It 
g the 
ffects 


rt for 
il and 
Nsive 


GILLMAN, T., Grutman, J., Inewts, J., FrrepLANDER, L., anpD Hammar, E.—(1944) Nature, 
154, 210. 

GrirFitus, W. H.—(1941) J. Nutrit., 21, 291. 

Gyérey, P., anp GoLtpBLatt, H.—(1939) J. exp. Med., 70, 185.—(1940) Ibid., 72, 1.—(1942) 
Ibid., 75, 355. 

HANDLER, P., AND BERNHEIM, F'.—(1943) J. biol. Chem., 148, 649. 

HimswortH, H. P.; anp Giynn, L. E.—(1944) Lancet, i, 457. © 

Hunt, H. R.—(1925) ‘A Laboratory Manual of the Rat.’ New York (MacMillan & Co.). 

Lituiz, R. D., anp Smrru, M. I.—(1940) Amer. J. Path., 16, 223. 

Lituz, R. D., Darr, F. §., anp SEBRELL, W. H.—(1941) Publ. Hlth. Rep., 56, 525. 

McHenry, E. W., anp Patterson, J. M.—(1944) Phys. Rev., 24, 128. 

Matiory, F. B.—(1911) Bull. Johns Hopkins Hosp., 22, 69. 

Moon, V. H.—(1934) Arch. Path., 18, 691. 

Rous, P., anp Larrmorg, L. D.—(1920) J. exp. Med., 31, 609. 

SreLLBERG, M. A., anD Keeton, R. W.—(1940) Amer. J. med. Sci., 200, 685. 

STERNER, J. H., anD LipFELT, V.—(1941) J. Pharm. exp. Therap., 73, 205. 

WituraMs, K. T., Lakin, H. W., anp Byzrs, H. G.—(1941) U.S. Dept. Agric. tech. Bull., 
No. 758, 70. 





THE GLUCOSE CONTENT OF TISSUE FLUID IN HYPOGLYCAEMIC 
- COMA. 


W. MAYER-GROSS anp J, W. WALKER. 
From the Department of Clinical Research, Crichton Royal, Dumfries. 


Received for publication February 2, 1945. 


It is generally agreed that the onset of and recovery from hypoglycaemic coma 
depends on the availability of glucose for the cortical cells. What is not as well 
understood is the relationship between the glucose level in the various fluids of the 
body and the clinical symptoms indicating a reaction of the cortical cells. In the 
blood, for instance, a steep fall of the glucose level takes place within the first hour 
after injection of insulin, but clinical signs do not appear until 2 to 3 hours later. 
Considerable differences have been reported between the blood glucose levels at which 
different individuals go into coma. In any one patient coma once obtained seems to 
continue independently of a certain range of fluctuations in the blood glucose. Zimmer- 
man (1938), for example, reported a rise of blood glucose to twice its value at the time 
of coma onset without any apparent change in the clinical condition. 

Many workers have been disappointed to find that the glucose content of the 
cerebrospinal fluid was no more reliable an indication of the clinical symptoms. 
Investigations of Fischer (1938), Dussik (1938), Day, Niver and Greenberg (1938) 


-gave no decisive results. Together with Berliner, one of us (M.-G.) has previously 


(1942) reported that hypoglycaemic coma appeared to be less rather than more 
dependent upon the glucose content of the cerebrospinal fluid than that of the blood. 

Paschkis and Cantarow (1943) used peritoneal fluid artificially produced in dogs, 
and studied the effect of insulin upon the glucose concentration in the blood, peritoneal 
fluid and lymph. They found that the rate of fall of the glucose concentration was 
most rapid in the case of blood, and least rapid in the case of peritoneal fluid ; also 
that convulsions and coma did not occur until the three fluids were in equilibrium, 
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that is, until the peritoneal fluid glucose had reached the level to which the blood 
glucose had fallen two hours previously. The data, however, produced in support 
of the authors’ conclusions are largely incomplete, and in a number of.cases do not 
support their contentions. 

The following experiments were performed for the further study of the relationship 
between glucose levels and the onset and termination of coma. 


METHODS. 


The subjects were male schizophrenic patients treated with daily comas according 
to Sakel’s method. All patients were under 40 and free from any other, especially 
physical! illness. 

The main problem of technique, that of obtaining readily accessible samples of 
extracellular fluid, has been solved by making use of the observations of Hahn and 
Schroeder (1930) on the production of blisters by the intradermal injection of small 
quantities of a concentrated solution of urea. It has been shown that the contents 
of such blisters are identical with the normal extracellular fluid from which the cell 
draws its metabolites. Our method has been to prepare a series of 25-30 small blisters 
upon the forearm by intradermal injections of 0-2 ml. of 20 per cent aqueous urea. 
The urea solution is absorbed: within a few minutes, leaving a wéal on which a well- 
raised blister develops within 30 minutes. The blister will continue to increase in 
size for a further 2~3 hours, and will then, if it is not opened, be reabsorbed slowly. 
The production of blisters is not painful, and healing takes place rapidly. A slight 
pigmentation of the skin is noticeable for as long as 30 days. Observations upon the 
urea concentration of the blisters have shown that the urea injected is rapidly absorbed. 
One hour after the injection of the urea content of the blister does not differ significantly 
from that of the blood. As a rule the blisters were produced early in the precomatose 
phase, but sometimes they were raised after the onset of the coma. ‘This made no 
difference to the fluctuations of the glucose level of the blister content. The sample 
of blister fluid was obtained by cleaning the surrounding skin, puncturing the 
blister with a Hagedorn needle, expressing the fluid with gentle pressure, and finally 
drawing it up into a pipette of 0-2 ml. capacity. A separate blister was used for each 
observation. 

The method of King, Haslewood, Delory and Beall (1937, 1942), which closely 
approximates to true glucose values, was used for the glucose determinations. 


RESULTS. 


The first experiments were concerned with observations in the precomatose stage 
24-4 hours after the injection of insulin (Table I). It will be seen that the variation 
between the glucose content of the blood and the blister fluid is insignificant, and that 
the rates of fall are almost parallel. In general the glucose content of the blister fluid 
lags slightly behind that of the blood, so that when the glucose content is falling, blood 
glucose figures tend to be slightly lower than those of the blister fluid. 

The next series of observations was made during the hypoglycaemic coma and the 
period of recovery therefrom after the administration of 200 g. sucrose by nasal tube 
(Table II). During the period of coma the blood glucose concentration is again closely 
equated by that of the blister fluid, but after administration of sucrose a slight diver- 
gence commences which increases in every case. While there was no doubt that the 
two systems reached eventually the same level, it was apparent that after the intro- 
duction of carbohydrate into the stomach the concentration of glucose in the blood 
rose more rapidly than in the blister fluid. 
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Tasxe I. _-imeose Concentrations in the Precomatose Stage. 


Patient. Blood Blister fluid 


Time. glucose glucose Remarks. 
Insulin dose. (mg /100 ml.). (mg./100 ml.). 
El. . 3 SO. 32 ; 31 . Coma at 11.33. Violent struggling 
100 units 11.30. -°; 21 ‘ 18 at 11.45. 
at 11.45. 19 ‘ 13 
7.50 a.m. : : 
Fx. jee 51 : 57 . No coma. Drank sucrose at 
60 units 4130: ‘48 > 53 11.30. 
at 11.25. 44 i 51 
1.37 @.38 11.45. 86 ‘ 79 
12.00 . 106 ; 96 
Le. . TR >. 25 ‘ 31 . No coma. 
110 units 10.40 . £20 : 26 
at 11.00. 23 : 26 
7.30 a.m. 11.25... 25 é 31 
1150: .. 60 3 51 
Le. ‘oe 44 : 55 . No coma. 
170 units 10.40. 37 ; 46 
at 11.00. 35 ‘ 40 
7.40 a.m. Pat =; 35 ‘i 36 
Fx. .. IOS. 25 ; 27. . Confused and restiess between 
120 units 10.50 .. 21 ‘ 23 10.50 and 11.10. Drank sucrose 
at ee eae 21 ; 21 at 11.25. Still drowsy-at 11.40. 
7:40 a.m. 11.40. 25 . 24 
Ha. «es 16 : 18 . Coma at 11.04. Sucrose at 11.25. 
140 units 10.40. 14 : 16 
at 11.00. 9 y 8 
7.45 a.m. 11.15 -. We it: 8 


Be ee 


Intravenous injections of 33-3 per cent glucose are frequently used in insulin 
therapy. Investigation of the blood and blister fluid after such injections seemed 
advantageous, since the rise in blood glucose—more rapid than after oral adminis- 
tration—should give a magnified picture of the relations just described. Such obser- 
vations were made. The results, recorded in Table III, show that the blood glucose in 
no way mirrored the concentration of glucose in the cerebral tissues, as it was easy to 
obtain very high concentrations in the blood at a time ‘when the patient was still 
unconscious. On the other hand, Table III shows that the concentration of glucose in 
the blister fluid at the moment of returning consciousness approximates far more to 


’ figures than one might expect at such reduced level of cortical activity. In fact the 


findings suggested that the glucose content in the blister mirrored that of the brain 
tissue. 

For this reason a further series of experiments, similar to those. of Table IIT, was 
devised to determine precisely the glucose levels at onset of and awakening from coma. 
Observations of blood and blister fluid glucose were made as often as was possible 
under the conditions of the experiment. -After 45-60 minutes of coma, the patient 
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TaBLE IIT.—Glucose Concentrations During and Immediately after Coma. 


. Blood Blister fluid 
Patient. Time. glucose lucose Remarks. 


Insulin dose. (mg./100 ml.), (mg./100 ml.). 
é 7 : 5 


El. . 10.45 . Coma onset at 10.25. Sucrose by 
100 units ~— 11.00. 12 ; 19 tube at 10.55. Awake at. 11.22. 
at oe ae 38 ° 30 
7.50 a.m. 11.40 . 56 ; 36 


Wh. - ee. 19 : . Coma onset at 11.25. Sucrose at 
200 units te ae 19 ; 11,36. Awake at 12.05. 

at 1205 =. 141 
7.43 a.m. 


Ev. 5; Se ‘ . Coma onset at 9.50. Sucrose at 
80 units 44. i 11.08. Awake at 11.46. 
at 11.19 
7.36 a.m. 11.23 
11.29 
11.34 
11.39 
11.46 


Th. 7; , . Coma onset at 10.27. Sucrose at 

150 units 10.43... ; 11.05. Awake between 11.24 
at 10.54. : ¢ and 11.34. 

7.43 a.m. By ES | ae ‘ 12 

ER ae 5 23 

an e484. *. ‘ 26 


was awakened by an intravenous injection of 33-3 per cent glucose lasting 90-20 
seconds. Specimens of blood and blister fluid were obtained at the first signs of 
returning consciousness indicating cortical activity. This point was standardized 
by an arbitrary standard. It was fixed at the earliest point at which the patient 
showed a purposeful response to a physical stimulus (e.g. by moving his head or an 
arm away when slapped), and—more important—gave a definite verbal answer to a 
simple question like ‘‘ Are you awake ?”’ or “ Can you hear me ?”’ The same patients 
‘were closely watched for the point at which they first became definitely comatose, 
i.e. showed no purposeful response to stimulation. Determinations of the glucose 
content of blood and blister fluid were also made at this point. 

The third column of Table IV gives the glucose concentration of the blister fluid 
at the moment of returning consciousness. The mean value at this moment was 
30 mg./100 ml. The glucose concentration of blood and blister fluid at the time of the 
patient’s going into coma, recorded in columns | and 2, Table IV, vary for the blood 
between 9 and 21 mg./100 ml. with the mean of 10-8, while those of blister fluid 
vary between 8 and i4 mg./100 ml. with a mean of 10-5. 

That the value is higher at the moment of awakening tallies with the applied 
clinical standards. The first specimen was taken when the patient was found to be 
just in coma, the second after he had just regained consciousness. However, the 
difference seemed considerable, especially as it would have.to be bridged within | to 2 
minutes during the waking while glucose is administered intravenously. 

This raised the question of the rate of glucose exchange between blood and blister 

fluid. To study it, the observations of the glucose levels were continued until they 
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TaBLE ITI.—Glucose Concentrations Before and After the Intravenous Injection 


Patient. 


Insulin dose. 


1. We. 
120 units 
at 
7.52 a.m. 


2. Sk. 
150 units 
at 
7.40 a.m. 


3. Cn. 
330 units 
at 
7.46 a.m. 


4, Sk. 
150 units 


170 units 
at 
7.35 a.m. 


6. Ev. 
70 units 
at 
7.33 a.m. 


7. Sk. 
60 units 
at 


7.35 a.m. 


8. Fx. 
100 units 
at 
7.44 a.m. 


9. Ho. 
200 units 


of Glucose. 
Blood Blister fluid 
Time. - glucose glucose 
(mg./100 ml.). (mg./100 ml.). 
10.50. 14 : 10 


Remarks. 


Coma onset at 10.30. 33 g. glu- 
239 ; 40 cose i.v. at 11.04. Awake at 
164 : 118 11.08. 

151 150 


12 p 12 
167 : 70 
125 : 102 
174 ; 144 


9 ; 12 
316 ; 75 
172 ‘ 150 
135 ‘ 117 


13 . . Coma at 9.40. ‘13 g. glucose i.v. 
at 10.25. Awake at 10.28. 
Drank sucrose at 10.45. 


Coma at 9.55. 30 g. glucose i.v. 
at 10.32. Awake at 10.35. 
Drank sucrose at 10.50. 


Coma at 10.20. 40 g. of glucose 
iv. at 11.22. Awake at 11.25. 


Coma at 11.00. Violent physical 
reaction during coma. 45 g._ 
glucose i.v. at 11.27. Awake 
at 11.30. Sucrose at 11.35. 


Coma at 11.33. Violent struggling 
during coma. 33 g. glucose i.v. 
at 11.50. Awake at 11.55. 


Coma at 10.26. 40 g. glucose i.v. 
at 11.20. Awake at 11.23. 


Coma at 10.31. 15 g. glucose i.v. 
at 10.48. Awake but confused 
at 10.52. Drank sucrose at 
10.53. 


Coma at 10,05. 40 g. glucose i.v. 
at 11.08. Awake at 11.10. 
Sucrose at 11.15. 





TaBLE IV.—Glucose Concentrations at Time of Coma Onset (Blood and Blister Fluid) 
and at Time of Return of Consciousness (Blister Fluid), after Intravenous Injection 


of Glucose. 
Glucose content at time of coma onset. Glucose content of 
Patient. ~  (mg./100 ml.). blister at time of return 
ae ae er 


Blood. Blister fluid. ‘cee 


St. ‘12 8 yo a 
Le. “2. 12 10 25 
Le. 9 10 26 
Ch. 9 12 715 
Ge. Be 10 14 31 
Fr. 21 8 21 
Fr. — 8 28 
Ma. 12 8 31 
Ho. ; 12 ae 30 
Ho. 10 8 31 
La. 14 18 ; 52 
Za. ; 9 ; 10 PO ae 
Ri. 9 ge 10 16 
10 12 21 
9 ; 11 . 16 
12 10 29 
12 10 25 
12 10 18 
10 s 8 ne 26 
12 12 . 25 


Mean values .  -:108 be ee : 30 


_————_— 


reached approximately equal values. (Table III, observations 7, 8 and 9.) The type 
of time curve obtained for glucose concentration demonstrated that the relationship 
between blood and blister fluid was, as one would expect, one approaching diffusion. 
The two curves approximate to those of logarithms, this being particularly so in the 
case of the blood glucose curve. 


DISCUSSION. 


To understand the mechanism involved, it is well to remember that besides the 
exchange of glucose between blood and brain tissue fluid—here assumed to be identical 
with the blister fluid—an exchange of metabolites must take place between the latter 
and the cortical cell. The following deductions rest upon the assumption that the 
rate of exchange of glucose between tissue fluid and cell is of the same order as that 
between blood and tissue fluid. At the moment of coma onset the cell glucose concen- 
tration is probably equal, or almost. equal to the glucose levels in blood and tissue 
fluid, which rave been found to be identical (Table IV, cols. 1 and 2). At this moment 
the system is in a stage of equilibrium. Conversely, on awakening by intravenous 
glucose injection, the glucose concentrations in the three media differ considerably. 
By the time glucose has diffused sufficiently from blood having a concentration of 
about 200 mg./100 ml. to raise the concéntration of glucose in the tissue fluid to a 
level of 30 mg./100 ml., glucose will also have diffused from the tissue fluid to the cell. 
This diffusion will only be sufficient to raise the intracellular glucose concentration 
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TABLE V.— Diffusion of Glucose in a System of 3 Compartments Separated by 
Collodion Membranes. 


Solution A. Solution B. Solution C, 


Eupenente: =. * Glucose content in mg./100 ml. 


1 Start ; nt : 180 ; 12 
1 hour . 5 ‘ 164 = 80 
2hours. , ‘ 153 : 111 
\ ‘ ‘ : 146 : 125 
4 hours 40 minutes. 139 Ps 132 
5 ” 9 


Start 

1 hour 

2 hours 
ae Hear ; : 
4 hours 40 minutes 
5 99 99 


Start 

1 hour 
2 hours 
, Gere e ; ‘ 
4 hours 40 minutes .. 


29 


Start ; : ; 

1 hour j : ‘ 171 

2hours. : : 150 

at ge b ‘ 4 135 

4 hours 40 minutes. 129 
123 
120 
112 


‘Start : : ‘ 210 
1 hour ‘ ; ‘ 183 

2hours . . , 172 

o- ; . ; 160 

-4 hours 40 minutes. 148 
wget aa 

6 ‘ 140 

7 ; 136 

8 : : 134 


The much lower level of equilibrium in Experiment 2 is due to the fact that the smaller inner compartment 


was used for solution A in this experiment while it was contained in the larger outer compartments in the 
other. 4 experiments. 
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by a few mg./100 ml. ; but this small increase is apparently enough to terminate the 
coma. In other words, awakening occurs at the moment at which the glucose concen- 
tration of the cell is raised slightly above the level of 10-11 mg./100 ml., the figure 
- found to be critical for the onset of coma. It may well be that this basic level is 
necessary for maintenance of the life of the cell, but insufficient for the performance 
of its specialized function. The specialized activity, ie. consciousness, recommences 
when the glucose concentration is raised by a small amount of a few mg./100 ml. 

To test this hypothesis, an artificial diffusion system was set up with the object 
of ascertaining under analogous conditions the relative rise of glucose concentrations 
in the three media. The system consisted of two collodion membranes, one within 
the other, and the whole contained within a beaker, giving three compartments, each 
divided from its neighbour by a permeable membrane. Attempts were made to 
ensure that the two membranes used in each individual experiment were as nearly 
as possible of identical permeability. 

Glucose solution of approximately 200 mg./100 ml. was introduced into either the 
innermost or outermost compartment, while the other two contained a glucose solution 
of approximately 10 mg./100 ml. This should parallel the state of affairs existing in 
hypoglycaemic coma immediately after an intravenous injection of glucose. Inert 
gas was bubbled through the contents of each compartment in order to maintain a 
uniform solution, and the glucose content of the solution in each compartment was 
determined every hour. The results are recorded in Table V. Simultaneous equili- 
brium is reached by the three systems ; the curves for compartments A and B closely 
resemble the type of curve obtained in the blood and blister fluid after the intravenous 
injection of glucose. It will be observed that at the time curve B has reached a value 
of 30 mg./100 ml., curve C has risen by 5 mg./100 ml. only, to the value of 15 mg./ 
100 ml. 

Thus this relatively coarse experiment seems to-support our deductions on the 
glucose exchange between blood, tissue fluid and ‘cell during the waking period from 
hypoglycaemic coma, although the rates of exchange in the artificial system differ 
widely from those in the hypoglycaemic patient. 

If confirmed by further work, the hypothesis of diffusion through two membranes 
could explain some of the more obscure details of hypoglycaemia mentioned in our 
introductory remarks. The time lag between the fall of blood glucose level. after 
insulin injection and the onset of cerebral symptoms should be found to be related to 
the difference between the glucose contents of blood and tissue fluid. Fluctuations of 
blood glucose during coma could only influence the clinical picture if they were sufficient 
to raise the intracellular glucose above the critical level. 


SUMMARY. 


1. A technique for simultaneous study of the glucose concentration of blood and 
tissue fluid is described, the tissue fluid being obtained from artificially produced 
blisters. 

2. During induction of hypoglycaemia after injection of insulin, glucose content 
of blood and blister fluid show equal rate of fall ; but after oral or intravenous adminis- 
tration of glucose a divergence of the glucose levels becomes apparent. 

3. A significant difference has been observed between the glucose concentrations 
of the blister fluid at the time of coma onset, and at the moment of returning conscious- 
ness indicating cortical activity. 

4. Upon the assumptions that (a) blister fluid represents extracellular tissue fluid, 
and (b) that a system of diffusion exists between tissue fluid and cell similar to that 
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found between blood and tissue fluid, the following hypothesis is propounded : A basic 
glucose concentration necessary for the continuance of life is maintained in the cortical 
cell during coma. A small rise above this level results in the resumption of the cell’s 
specialized function, i.e. in the return of consciousness. 


We wish to thank Dr. P. K. McCowan, Physician Superintendent of the Crichton 
Royal, for permission to publish these observations. We also gratefully acknowledge 
the collaboration of Sister C. M. Baker and the nursing staff of the Insulin Department. 
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PROPERTIES AND PATHOGENICITY OF A VIRUS DERIVED FROM 
SHEEP DERMATITIS.* 


F. R. SELBIE. 


From the Bland-Sutton Institute of Pathology, Middlesex Hospital, London, W. 1. 


Received for publication February 9, 1945. 


In a previous communication an account has been given of the transmission to 
the rabbit of a virus derived from an outbreak of sheep dermatitis in a flock of lambs 
(Selbie, 1944). The history of the outbreak and the findings in experimentally infected 
lambs and kids were characteristic of contagious pustular dermatitis—a common virus 
disease of sheep which has been fully described by Glover (1928). Evidence bearing 
on the identity of the virus now established in rabbits will also be presented here, 
but, in view of a recent failure to infect normal lambs, there is still some doubt whether 
the rabbit-passaged virus is identical with that of contagious pustular dermatitis. 
The experimental disease, however, is distinct from any virus infection previously 
described in rabbits, so that there can be little doubt that the virus was originally 
derived from the lamb. 

_ The identity of this virus strain may still bein doubt, but its main interest lies in the 
diversity of the lesions that it produces in rabbits and guinea-pigs. In the rabbit the 
disease is charactérized by highly proliferative lesions resembling papillomata, whereas 
in the guinea-pig the disease is more acute, with lesions of a degenerative type resembling 
vaccinia. The study of this virus disease should therefore provide a useful addition 
to our knowledge of the dermotropic virus diseases, particularly with regard to the 
important part played by the susceptibility of the host cells in determining the 
manifestations of virus infection. 

* This communication covers part of a thesis approved by the University of London for the award of 
the Degree of Ph.D. 
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Rabbit Passage. 


Rabbits are inoculated by rubbing a few drops of a saline extract of a lesion into 
the skin of the flank after removal of the hair by plucking and scarification with a 
sharp needle. The first series of passages through rabbits is shown in Fig. 1, along with 
some experiments in rabbits and guinea-pigs commencing in 1943. The virus used 
for the inoculation of Rabbits 81 and 82 at the commencement of the second series of 
experiments had been derived from Rabbit 15 of the 5th passage and, during the inter- 
vening period, had been stored in 50 per cent glycerol for 5 periods, totalling 2114 days, 
and transmitted through rabbits for 4 periods, totalling 10 passages in 215 days. 

A comparison of the results in the two series of experiments in Fig. 1 shows that 
during the intervening period of 6 years and 4 months, the response of rabbits to the 
virus did not alter as regards the limits of variation in latent period and duration of 
infection. Indeed the general characters of the experimental disease, which is now in 
its 26th rabbit passage, have been remarkably uniform, so that the general description 
of the rabbit infection that has already been published (Selbie, 1944) is applicable to 
all stages of the passage of the virus through rabbits. 


Transmission to the Guinea-pig. 


It has been mentioned in the previous communication that two guinea-pigs showed 


no reaction after inoculation by scarification with the same lamb virus material that - 


produced the first transmission to the rabbit. In the second trial Guinea-pigs 1 and 2 
(Fig. 1) were successfully infected by inoculation on the scarified skin of the epilated 
flank with an extract of fresh scrapings of lesions from Rabbits 83 and 84 of the 17th 
rabbit passage. Since then three further trials in guinea-pigs have been successful 
with extracts of fresh lesions of the 6th, 10th and 11th rabbit passages obtained by 
inoculation from lesions that had been stored in 50 per cent glycerol since 1936, 1938 
and 1941 respectively. 

Four other transmissions of the infection to guinea-pigs with stored dried scrapings 
of rabbit lesions and two successful passages through guinea-pigs are shown in Fig. 1. 
Dried scrapings of lesions from Guinea-pigs 13 and 14 produced a typical infection in 
a rabbit after 161 days’ storage, and this virus passage line, after 3 further passages 
through rabbits, has now been transmitted through 8 consecutive passages in guinea- 
pigs without showing any alteration in its pathogenicity to guinea-pigs or rabbits. 


Course of the infection in guinea-pigs. 

Lesions have appeared regularly within 6 to 8 days in guinea-pigs inoculated with 
crude extracts of fresh lesions from rabbits or guinea-pigs. The incubation period is 
therefore the same as it is in the rabbit under optimal conditions but is much less 
variable. 

The first visible evidence of infection is the presence of fine scales with a patchy 
distribution over the inoculated skin. Within two days the affected areas coalesce 
and become deeply erythematous and thickened. During the next 5 to 7 days the 
lesion becomes exudative and presents a smooth, shiny, and hairless surface, which 
appears to consist of a hard and brittle mixture of scales and exudate. This appearance 
is maintained until the lesion begins to regress at about 20 days after inoculation. 
During regression the scales and exudate fall off, leaving an entire, somewhat thickened 
and hairless skin by about the 30th day. It is 10 to 14 days, however, before the skin 
returns to its normal thickness and the normal growth of the hair is resumed. 
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Fic. 1.—Two periods of the passage of the virus through rabbits (R.) and transmission to guinea- 
pigs (G.P.). Each inoculated area of skin is represented by a continuous horizontal line, which 
is thickened during the period that a lesion was observed. Vertical lines indicate the source 
of the infecting material. Interrupted horizontal lines represent periods during which the 
infective material was stored either in 50 per cent glycerol (from Rabbit 1) or in the dried 
state (from Rabbits 83 and 84 and Rabbits 89 and 90). 


‘Properties of the Virus. 

Infective extracts were at first prepared by mincing whole infected skin, grinding 
with sand, and making an extract in saline. Since 1939, however, extracts have been 
prepared from scrapings of lesions obtained by completely removing the infected 
epithelium by scraping with a sharp knife. 


Infectivity of lesions. ; ; 

As is shown in Table I, the incubation period in rabbits tends to be longer when 
older lesions are used for preparing the infective extracts. This would appear to be 
due to a falling concentration of the virus with increasing age of the lesions, and this 
is borne out by the fact that the only crude extracts of fresh lesions that failed to infect 
rabbits were prepared from Rabbits 16 (Fig. 1) and 63, 41 and 35 days respectively 
after inoculation. On the other hand the lesién from Rabbit 15 (Fig. 1), taken 42 days 
after inoculation, provided a fresh extract that was infective in Rabbits 16 and 17, 
and retained some infectivity after 8 years’ storage in 50 per cent glycerol. 

In guinea-pigs the time limits of the infectivity of lesions have not yet been deter- 


"mined, but the available data show that guinea-pig lesions are fully infective from the 


llth to the 16th day after inoculation. , 
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TaBLE I.—Results of Inoculation in Rabbits of Fresh Extracts of Dermatitis Rabbit 
Lesions. 
Interval from previous Rabbits Rabbits Incubation period in days. 
passage in days. inoculated. infected. “Average. Range. 
8-14 s 15 ; 15 ‘ 7-2 6-9 
18-21 ; 17 : 17 j . 6-13 
22-28 ; 19 : 19 é 6-19 
31-42 i 10 ‘ 6 


Routes of inoculation. 


Successful infection in rabbits and guinea-pigs has been obtained only by scarifi- 
cation of the epidermis. Other routes that have failed are intradermal, subcutaneous, 
intravenous, and intra-cerebral in the rabbit, and intradermal and intracerebral in the 
guinea-pig. Following intracerebral inoculation of 4 rabbits and 2 guinea-pigs there 
was no rise of temperature, and infectivity tests on the brains after an interval of 10 
to 14 days were negative. 


Filterability. 


Sand and paper-pulp filtrates—Sand and paper-pulp filtrates of 2-5 or 5-0 per cent 
extracts of fresh lesions were infective to rabbits in all but 2 of 8 trials. In one experi- 
ment in the 11th rabbit passage a 1/100 dilution of a sand and paper-pulp filtrate of 
a 2-5 per cent extract of fresh lesions was active, but a 1/1000 dilution failed to infect. 

Berkefeld filtrates—Berkefeld filtrates were prepared by passing sand and paper- 
pulp filtrates or lightly spun crude extracts through Berkefeld V filters under a negative 
pressure of 25 cm. of mercury. On each occasion the filter was tested and found to 
retain B. prodigiosus both before and after the filtration experiment. The results 
of infectivity tests on the filtrates are shown in Table II. In the first two experiments 
the crude extract was centrifuged at 4000 r.p.m. for 20 minutes before filtration ; in 
the other experiments the crude extract was clarified by sand and paper-pulp filtration. 
The results show that the Berkefeld filtrates produced lesions in only 7 of the 12 test 
rabbits, whereas the crude extracts from which they were prepared were infective in 


TaBLE II.—Infectivity of Berkefeld Filtrates of Dermatitis Virus Suspensions. 

Infectivity of— 
Source of virus material. — "oy <page  "Herkefeld 
extract. filtrate. 
Lamb 3, Ist lamb passage R ‘ 4 : 
Glycerine 46 days. eer 5 
Rabbit 1, lst rabbit passage. 3 4 
Glycerine 6 days “Sy ree : 5 
Rabbit 53, 8th rabbit passage . ; 55 
Fresh lesion ; ' : 56 
Rabbit 54, 8th rabbit passage ‘ ; 57 
Fresh lesion . ; : 58 
Rabbit 57, 9th rabbit passage ‘ ‘ 61 
Fresh lesion 62 
Rabbits 97 and 98, 19th rabbit : Passage 101 
Fresh lesions . 102 
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all but one of the rabbits. It was also noted that the lesions produced by the inocu- 
lation of Berkefeld filtrates were usually scanty and scattered, whereas those following 
inoculation of the crude extracts were usually confluent. It would thus appear that 
much of the virus is retained in Berkefeld filters, and this was confirmed in the last 
experiment of Table II, where the infective titre of the filtrate in Rabbit 101 was only 
10-1, whereas the titre of the crude extract was 10-‘. 


Size of the virus. 


The variable and generally low infectivity of Berkefeld filtrates would indicate 
that the infective agent is one of the larger viruses and probably similar in size to 
vaccinia virus. Several attempts have been made to determine the size of the virus 
by filtration and centrifugalization experiments, but they were inconclusive because of 
certain difficulties in obtaining cell-free suspensions of virus in sufficiently high titre. 
However, in one experiment with the ultra-centrifuge described by McIntosh (1935) 
and McIntosh and Selbie (1937), a run at 15,000 r.p.m. for 15 minutes reduced the 
infectivity of the supernatant fluid of a virus suspension by at least ten-fold. Besides 
demonstrating the particulate nature of the infective agent, this experiment would 
indicate that the virus is at least 150 mu. in diameter. 


Viability of the virus. 

Storage in 50 per cent glycerol.—The entire infected skin is removed and cut into 
pieces about 0-5 cm. square, which are then stored at refrigerator temperature in 
50 per cent glycerol. Extracts for infectivity tests are prepared by washing a few 
pieces of glycerolated skin in two changes of saline, grinding with sand, and suspending 
in 10 c.c. of saline. 

The results of 34 infectivity tests on 15 samples of glycerolated lesions after various 
periods of storage are shown in Table IIT, where it will be seen that successful infections 


’ Taste ITI.—Duration of Infectivity in Dermatitis Rabbit Lesions Stored in 50 per cent. 


Glycerol at Refrigerator Temperature. 
Number of Number of 

infectivity tests. successful tests. 

6-125 days : 6 rane 6 

6-12 months : 10 

1—2 years 
24-4 years 

6 years 

8 years 


Duration of storage. 


were obtained with all but one of the 16 tests made up to one year’s storage and with 
only 9, or 50 per cent, of the 18 tests made after more prolonged storage. 
The course of the infection in rabbits after inoculation with glycerolated lesions is 


_ in no way different from that after inoculation with fresh material except that the 


incubation period tends to be longer, ranging from 8 to 19 days with an average of 
14 days; the lesions also tend to be more discrete, and inoculation with material that 
has been stored for more than 2 years frequently yields only one discrete lesion : 
measuring 0-5 to 1-0 cm. in diameter, indicating a great loss in infectivity. 

Storage after drying.—Dried preparations for storage are made by spreading 
scrapings of lesions in a Petri dish and drying over phosphorus pentoxide in vacuo 
for 24 hours. The dry residue is then stored in one-ounce screw-cap bottles at refri- 
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gerator temperature. Saline extracts of stored dried material have proved infective 
in all of 15 trials on 4 samples of dried rabbit lesions and one of dried guinea-pig lesions, 
In Fig. 1 are shown some of the earlier tests with dried lesions from Rabbits 83 and 84 
and from Rabbits 89 and 90, which were later found to retain their infectivity for at 
least 267 and 351 days respectively. . 

The incubation period following inoculation with dried lesions is 7 to 10 days in 
both rabbits and guinea-pigs, and the course of the infection differs in no way from 
that produced by the inoculation of fresh material. 


Immunity ; 
Natural immunity. 


It has already been shown (Table I) that infection has been obtained in all rabbits 
inoculated with fresh extracts of young progressive lesions, so that it would appear 
that all the rabbits used have been naturally sensitive to the virus. However, there 
has been evidence of variations in the.degree of susceptibility in the wide range of 
variation in the latent period shown in Table I. This has also: been evident in pairs 
of rabbits inoculated with the same fresh material as in Rabbits 14 and 15, Fig. 1, 
where one rabbit was 3 days later than the other in showing the first signs of infection. 
Altogether 9 out of 25 such pairs of rabbits have shown differences of 3 to 6 days 
between their incubation periods. 

Guinea-pigs, like: rabbits, have displayed.no natural immunity to the rabbit- 
passaged virus, but they are also much less variable in their response to the inoculation 
of extracts of fresh lesions in that the latent period does not vary outside the limits 
of 6 to 8 days. 

The rat, the mouse and the fowl all appear to be refractory to inoculation of the 
virus by scarification on the skin. The lamb, which was susceptible to the freshly 
isolated virus, has now been shown to be resistant in two infectivity tests made by 
Mr. F. Blakemore at the Institute of Animal Pathology, Cambridge. In the first test 
a susceptible lamb and a lamb that had recovered from contagious pustular dermatitis 
were inoculated by scarification with 1 per cent extracts of glycerolated. and dried 
rabbit material. In the second a normal lamb was inoculated by scarification with a 
2 per cent extract of fresh scrapings from Rabbit 87, and an extract of part of the 
inoculated skin, removed at 4 days, was inoculated to a second normal lamb. No 
reaction was observed in any of the lambs in either experiment. 


Acquired immunity. 

In the rabbit—Re-inoculations with an active extract of fresh lesions failed to 
produce infection in Rabbit 107 or Rabbits 101 and 102, 14 and 105 days respectively 
after successful primary inoculations. A further re-inoculation of Rabbits 101 and 
_ 102, 166 days later, or 271 days after primary inoculation, proved successful, but the 

infection in these two rabbits differed from that produced in two normal rabbits by 
the same infective extract in that the incubation period was 3 days shorter, the lesions 
were much less severe, and the disease was 7 to 10 days shorter in duration. 
In the guinea-pig.—Re-inoculations of Guinea-pigs 1, 2, and 4, 200 and 175 days 
. after the respective primary inoculations produced typical infections. Guinea-pigs ! 
and 2 were then re-inoculated a second time, 21 days after the previous inoculation, 
and at the same time Guinea-pigs 9 and 10 were re-inoculated 37 days after their 
primary, inoculations. All three guinea-pigs developed a modified infection which 
differed from that in two normal guinea-pigs inoculated with the same material in 
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that the incubation period was 2 days longer, the lesions were much less severe, and 
the disease was. 6 to 10 days shorter in duration. » 

These experiments would indicate that the rabbit is completely resistant to 
re-infection up to at least 100 days after the primary inoculation, but may respond 
later with a modified infection. The guinea-pig, on the other hand, shows only a 
minor degree of resistance, which allows a modified infection up to at least 37 days and 
disappears within 175 days. 


Neutralizing antibodies. 

Rabbit sera.—In Table IV are shown two in vitro experiments in which the sera 
of rabbits that had recovered from dermatitis and vaccinia were tested for the presence 
of neutralizing antibodies. In the first experiment dermatitis-immune, vaccinia- 
immune, and normal rabbit sera were tested against a suspension of dermatitis virus, 
and in the second the same sera were tested against a suspension of vaccinia virus. 


TaBLE IV.—Results of Inoculation of Dermatitis and Vaccinia Serum- -virus 


. Mixtures. 
Vaccinia extract, 
’ infective titre of 
Rabbit serum. Dermatitis extract. serum-virus mixtures. 


Rabbit. i “ io ; Rabbit. 
Dermatitis- . 77 ? : 5 10-6 
immune 78 : p ; 10-6 
‘Vaccinia- : 77 ‘ J " 10-2 
immune 78 ; j : 10-2 
Normal : 77 ; ; ; 10-6 
78 Rea ; ; 10-8 


The two dermatitis-immune sera were obtained from Rabbits 70 and 73, bled 94 
and 36 days after successful inoculation with dermatitis virus. The vaccinia-immune 
serum came from a rabbit bled 52 days after successful inoculation by scarification 
with vaccinia virus and 12 days after a re-inoculation which was followed by an 
allergic reaction. The dermatitis virus suspension was a 10 per cent extract of glycero- 
lated lesions, and the vaccinia virus suspension was an extract of rabbit skin lesions 
taken 4 days after inoculation. The two virus suspensions were mixed with equal 
volumes of each of the four rabbit sera, the dermatitis virus suspension being also 
used in a dilution of 1/10. After incubation at 37° C. for‘one hour the dermatitis virus 
mixtures were inoculated to Rabbits 77 and 78, and serial ten-fold dilutions of the 
vaccinia virus mixtures were injected intradermally in Rabbits A and B. 

The results, given in Table IV, show that dermatitis virus was unaffected by normal 
or vaccinia-immune serum, and was inactivated by the dermatitis-immune sera only in 
the more dilute suspension, indicating that neutralizing antibodies were present, but 
only in small amount. On the other hand, the infective titre of the vaccinia virus 
suspension was greatly reduced by the vaccinia-immune serum, but was unaffected 


" by the normal and dermatitis-immune sera. 


Lamb sera.—In Table V are shown three experiments to test the effect on the 
rabbit-passaged virus of sera from normal lambs, and from lambs recovered from infec- 
tion with known strains of contagious pustular dermatitis. The sera for Experiments 1 
and 2 were supplied by Dr. R. E. Glover in 1936, and those for Experiment 3 by Mr. 
F. Blakemore in 1943. The dermatitis virus suspensions used were a 5 per cent 
extract of glycerolated lesions in Experiment 1, a 1/5 dilution of a sand and paper-pulp | 
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TABLE V.—Results of Inoculation of Mixtures of Rabbit-passaged Virus and Sera 
of Lambs Recovered from Contagious Pustular Dermatitis. 
Experiment 1. Experiment 2. Experiment 3. 


—- ——.. 
Rabbit No.: 22. 23. 39. 40. 99. 100, 


Immune lamb serum . — — ; — _ . os — 
Normallamb serum . a — : +- + ; ‘f zs 


filtrate of a 2-5 per cent extract of fresh lesions in Experiment 2, and a sand and paper- 
pulp filtrate of an extract of dried lesions in Experiment 3. The technique used was 
the same as has been described above in the tests with rabbit sera. 

The results, shown in Table V, indicate that antibodies capable of neutralizing the 
rabbit-passaged virus can be detected in the sera of lambs that have recovered from 
contagious pustular dermatitis. In two other experiments, however, no specific 
inactivation of the virus could be obtained, probably because of an insufficiency of 
antibodies in these particular sheep sera. 


DISCUSSION. 


It has been mentioned in the earlier communication (Selbie, 1944) that attempts 
to transmit the virus of contagious pustular dermatitis to the rabbit has failed in the 
hands of numerous investigators, but that Lanfranchi (1925) claims to have successfully 
inoculated young rabbits on the lips. Bennett, Horgan and Haseeb (1944) now report 
from Khartoum that they have had no difficulty in transmitting this virus to rabbits. 
They describe the rabbit infection as a coarse erythematous eruption which starts as 
papules on the 3rd day, proceeds directly to scabs by the 5th day without a frank 
vesicular stage, and is terminated by the scabs falling off about the 10th day. This 
experimental disease differs considerably from that described here both in its shorter 
incubation period and in its more rapid evolution. This, however, may be due toa 
difference in the strain of rabbit used, which would also account for the successful 
outcome of the transmission experiments of Bennett and his co-workers with a strain 
of sheep virus that has failed to infect rabbits in the hands of Glover (1944). ‘ 

Several workers, including Aynaud (1923), Glover (1928), Howarth (1929), and 
Boughton and Hardy (1934), have failed to transmit the sheep virus to the guinea-pig. 
The dermatitis virus strain described here was also apparently non-infective to the 
guinea-pig when it was first isolated from the lamb, so that the subsequent transmission 
to guinea-pigs may have been due to an alteration in the virus brought about by 
passage through the rabbit. The duration of the infection in the guinea-pig is much 
shorter than in the rabbit, and is similar to that of the experimental disease in lambs 
with sheep virus. 

It has been shown by. centrifugalization that the rabbit-passaged virus is at least 
150,.mu. in diameter. That it is one of the larger viruses and comparable to vaccinia 
virus in size is also indicated by the difficulty in obtaining active Berkefeld filtrates, 
which has also been the experience of Aynaud (1923), Glover (1928) and Howarth 
(1929) with the virus of contagious pustular dermatitis. The rabbit-passaged virus 
also shares with the sheep virus the property of resistance to storage either in the 
dried state or in 50 per cent glycerol (Aynaud, 1923; Glover, 1928; Boughton and 
Hardy, 1934). It would appear, however, that the resistance of the rabbit-passaged 
virus to storage in glycerol is somewhat greater than that found by Glover (1928) in 
his strains of the sheep virus. 

The inactivation of the rabbit-passaged virus by the sera of lambs that have 
recovered from infection with the virus of contagious pustular dermatitis indicates 
that the virus strain described here is closely related to known strains of the sheep 
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virus. The neutralizing antibodies, however, appear to be weak or small in amount 
in both rabbit and lamb immune sera—a finding that has also been made by Glover 
(1932) in his experiments with lamb sera. The cross-neutralization tests with vaccinia 
virus and immune serum have also demonstrated a sharp distinction between the 
rabbit-passaged dermatitis virus and vaccinia virus, a distinction that has also been 
made regarding contagious. pustular dermatitis and vaccinia by Glover (1930) on the 
grounds of cross-resistance experiments in lambs. 

The failure of recent attempts. to transmit the virus back to lambs would appear 
to be a serious objection to identifying the rabbit-passaged virus with that of con- 
tagious pustular dermatitis. The virus, however, was fully infective to lambs when it 
was first isolated, so that it would appear that it has become modified by passage 
through the rabbit. Further evidence that the pathogenic range of the virus has been 
changed is found in its acquired property of infecting guinea-pigs. This modification, 
however, has apparently not gone so far as to render the virus infective to other 
laboratory animals such.as mice and fowls which are also insusceptible to the sheep 
virus (Glover, 1928). It would therefore appear probable that the rabbit-passaged 
virus is closely related to the virus of contagious pustular dermatitis, and perhaps 
differs only in its adaptability from other strains that have been isolated. 


SUMMARY. 
A virus, derived from an outbreak of sheep dermatitis in lambs in 1936 and patho- 


‘genic to the rabbit, has now been transmitted to the guinea-pig, but has apparently 


lost its virulence to the lamb. 

In the guinea-pig the experimental disease is of much shorter duration and of a less 
hyperplastic type than in the rabbit ; resistance to re-infection in the guinea-pig is 
also less well defined and of shorter duration than in the rabbit. 

The virus is comparable to vaccinia virus in size, and high-speed centrifugalization 
indicates that it is at least 150 mu. in diameter. 

The virus withstands prolonged storage in 50 per cent glycerol or in the dried 
state. 

Suspensions of the virus can be inactivated by the sera of lambs recovered from 
infection with the virus of contagious pustular dermatitis of the sheep. 

It is suggested that the virus described here is closely related to the virus of con-. 
tagious pustular dermatitis, and perhaps differs only in its adaptability from other 
strains that have been isolated. 


The expenses of this research were defrayed by the British Empire Cancer Campaign. 
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Fo.tiow1ne the observation of Fleming (1929) that coliform bacilli were resistant 
to penicillin, Abraham and Chain (1940) found that extracts of crushed coliform 
organisms, and in some cases culture filtrates, inactivated penicillin. They called the 
active principle penicillinase, suggesting that it was an enzyme. Harper (1943), using 
dried acetone extracted whole organisms, applied this observation to the recovery of 
penicillin sensitive organisms from pathogenic material containing growth inhibiting 
concentrations of the drug, and suggested its use for testing the sterility of penicillin 
preparations. A satisfactory penicillin inactivating agent suitable for use in sterility 
tests is one which, when added to the penicillin, will allow the growth of a minimal 
inoculum of a sensitive organism, the inoculum being added immediately after the 
addition of the inactivating agent. The time interval between the addition of the 
inactivating agent and the sensitive organism is of some importance, since with dried 
preparations of penicillin it is conceivable that pathogenic organisms might. remain 
viable in contact with the drug in the dry state. When the drug is dissolved and 
injected these organisms may survive for a short period, and the dilution of the penicillin 
in the body may reduce the concentration of the drug to a degree that will enable the 
organisms to multiply. This paper deals primarily with the production of a peni- 
cillinase preparation sufficiently active to satisfy these requirements for testing the 
sterility of high potency penicillin. During the work a number of observations on 
penicillinase were made which appeared worth recording. 


Methods. 


Preparation of culture filtrate. 

A strain of para-colon bacillus, kindly supplied by Sir A. Fleming, which was an 
active producer of extracellular penicillinase, was used throughout the investigation. 
The organisms were grown for 7 days at 37° C. in papain digest broth, batches of from 
one to two hundred litres being prepared at a time. The whole culture was centrifuged 
through an Alfa Laval separator to remove most of the organisms and finally sterilized 
by filtration through a Seitz filter. 


Testing for penicillinase activity. 
To one series of tubes containing 6 ml. of Wright’s broth were added 1 ml. of peni- 


cillin dilutions containing decreasing amounts of penicillin on a 100 per cent. range. 
To a similar series were added in addition 0-2 ml. quantities of the penicillinase dilution 
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to be tested. To all the tubes were added 0-5 ml. quantities of a five-hour culture in 
Wright’s broth of the Oxford test strain of staphylococcus diluted in broth to contain 
200,000 organisms per ml. The contents were mixed by rollin§ the tubes, which were 
then incubated at 37°C. Readings were taken at daily intervals for 5 days. With 
each test were included controls to ensure that the organisms grew normally, and that 
the penicillinase dilution was sterile. The activity of the penicillinase was expressed 
as the calculated number of units of penicillin inactivated by 1 ml. of undiluted 
penicillinase. The validity of this calculation will be discussed later. 


Preliminary Observations. 

Acetone extracted dried bacterial bodies from a 24-hour growth on agar of para- 
colon bacillus, prepared as described by Harper, and the culture filtrates from a 
24-hour broth culture were tested for penicillinase activity. The details of the test 
are shown in Table I. 


TaBLE I.—Penicillinase Activity of Dried Bacterial Bodies and Culture Filtrate. 
Units of penicillin added to each tube. 


Row. Details of test. 
20. 10. 5. 2°5. 1°3. 0°6. 0°3. 0°15. 
A. 6ml. of Wright’s broth + 1 ml. peni- ; 
cillin dilution + 0-5 ml. 5-hour 
broth culture of staphylococcus 
diluted to contain 200,000 organ- 
isms/ml. . 4 ? : 


oe 


B. As A + 0-5 ml. of a suspension of 
dried bacterial bodies containing 
0-1 mg./ml. : : : 
C. As A + 1 ml. of 24-hours broth cul- 
Hire TTA ea 7 Ge: A ENG: cMEAT Wet: ee ey ae eR, EGE Ba 


Controls : Broth + 1 ml. culture filtrate, —. Broth + 1 ml. culture filtrate + inoculum, +. 
Broth + 0:05 mg. bacterial bodies, —. Broth + 0:05 mg. bacterial bodies + inoculum, +. 
Broth + 0°5 ml. staphylococcus inoculum, +. 


—=Nogrowth. + = Growth after 3 days. 


It can be seen that 0-05 mg. of bacterial bodies inactivated'0-4 units of penicillin, 
and | ml. of culture filtrate inactivated 10 units of penicillin. Since these preparations 
were obviously much too weak for sterility test purposes the effect of concentration 
by ammonium sulphate precipitation was tried. To 400 ml. of a 24-hour broth culture 
filtrate was added 400 ml. of a saturated solution of ammonium sulphate. The mixture 
was centrifuged and the precipitate dissolved in 40 ml. of distilled water, and sterilized 
by Seitz filtration. To, a further 100 ml. of the culture filtrate was added sufficient 
solid ammonium sulphate to give full saturation. After centrifuging the precipitate 
it was dissolved in 10 ml. of distilled water. The solutions obtained from half and full 
saturation with ammonium sulphate were tested for penicillinase activity, and in each 
case | ml. neutralized 100 units of penicillin, thus indicating quantitative concentration 
with ammonium sulphate. 

The penicillinase preparation was heat labile; the activity was unaltered after 
50° C. for 1 hour, but was completely destroyed by heating to 80°C. for 1 hour. 
It was stable at acid pH, retaining its full activity at pH 3-0, but losing 80 per cent. 
of its activity after } hour at pH 11-0. At pH 7-6 it was stable for several months 
at room temperature and at 4°C. The active principle was precipitated with alcohol, 
the precipitation being complete with 80 per cent. alcohol. It seems reasonable to 
conclude that penicillinase is a protein. 
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The Preparation of Highly Active Penicillinase. 


The amount of penjcillinase present in broth culture filtrates from the para- -colon 
bacillus increased with the period of growth; details are shown in Table II. 


TABLE II.—Jncrease in Penicillinase Present in Culture Filtrates with Increased Period 
of Growth. 


Details of test—6 ml. of Wright’s broth + 0-2 ml. of penicillinase diluted 
1/5 + 1 ml. of penicillin dilution + 0-5 ml. of 5-hour broth culture of staphylo- 
coccus containing 200,000 organisms/ml. 


Activity of undiluted 
- Units of penicillin added to each tube. nicillinase (units of 
ter em 


penicillin inactivated by 
12°5. 6°2. 3-1. 16. 1 ml. of preparation), 


a 
> 
= 


LEFTIES, 


No penicillinase ’ 
1-day culture filtrate 


10-0 
30-0 
67-5 
302-5 
302-5 
615-0 


1,, 


+11 rr lis 
+4+4++++1]% 


— = Nogrowth. + = Growth after 3 days. 
It can be seen that 1 ml. of a 24-hour broth culture filtrate inactivates 10 units of 
penicillin ; 1 ml. of a 6-day broth culture filtrate inactivates 302-5 units. The 6-day 
filtrate can be further concentrated by precipitation with ammonium sulphate. To 
100 litres of 6-day broth culture filtrate contained in a large stainless steel butt was 
added sufficient solid ammonium sulphate to give full saturation. The contents were 
- well mixed with a mechanical stirrer and left overnight. The precipitate collected 
as a scum on the surface of the liquid ; this was removed and dissolved in about 3 litres 
of distilled water. The material was dialyzed in cellophane bags against running tap 
water, to remove most of the ammonium sulphate. The volume was adjusted to 
5 litres, giving a twenty-fold concentration ; 1 ml. of the product was found to neutralize 
from 2000 to 10,000 units of penicillin, under different conditions of testing. 


The Reaction between Penicillin and Penicillinase. 


Table III shows the amount of penicillin inactivated by different quantities of 
penicillinase. 


TaBLE III.—Units of Penicillin Inactivated by Different Quantities of Penicillinase. 


Details of test—To 6 ml. Wright’s broth is added 1 ml. of penicillin 
dilution, 1 ml. of penicillinase, and 0-5 ml. of 5-hour broth culture of staphylo- 
coccus diluted to contain 200,000 organisms/ml. 


Dilution of Units of penicillin added to each tube. 
penicillinase = — - - ——_— 


added to’ 2500. 1250. 156. .-- kh 
each tube. 


Undiluted 
1/2 
1/4 
1/8 
1/16 
1/32 
1/64 
1/128 
1/256 
1/512 
1/1024 
None 
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The table shows that there is, approximately, a quantitative relationship between 
the amounts of penicillin inactivated and penicillinase added, two volumes of peni- 
cillinase inactivating twice the amount of penicillin inactivated by one volume. 
Whether or not any particular tube shows growth depends on at least three factors : 
(a) Whether the penicillin is rapidly inactivated, or (6) whether the time taken by the 
penicillinase to destroy the penicillin is greater than the time taken by the penicillin 
to kill the inoculum, or (c) whether the penicillinase becomes inactivated before it has 
time to destroy the penicillin. It is not possible to deduce from Table III whether 
the reaction between penicillinase and penicillin is a quantitative chemical reaction 
or an enzymatic reaction. Should the latter be true, the time taken to inactivate a 
given quantity of penicillin would be proportional to the concentration of penicillinase ; 
and in the tubes in which bacterial growth does not occur, either the organisms would 
have been killed before the penicillin was inactivated, or the penicillinase destroyed 
before it had time to inactivate the penicillin. 

It is a simple matter to use penicillinase to determine the bacteriostatic or bacteri- 
cidal action of penicillin with any given concentration and organism. Table IV shows 
the effect of a final concentration of penicillin of about 6-6 units/ml. on varying numbers 
of staphylococcci. 


TaBLE IV.—Bacteriostatic and Bactericidal Action of Penicillin. 


Details of test —To 6 ml. of Wright’s broth is added 50 units of penicillin in 
1 ml., 0-5 ml. of 5-hour Staphylococcus culture containing varying numbers of 
organisms. 1 ml. of penicillinase added after different times. 


Number of organisms added to each tube. 
- A. 





 enite am aac mie 

100. 1,000. 10,000. 100,000. 1,000,000. 10,000,000. 
ees “See es OR ere “a 

inoculum 


6 ‘ 5 7 ee. Po, ees ea. hea Yee MT ce “+ 

Penicillnase added 1 hour after 

inoculum. - ‘ a ee pe a ge RS tee Vg eter, “+ 

Penicillinase added 4 hours after 

inoculum sw - E ‘ .-—tr.,+ .—-,-,+. — +. ++. +,+ 
Penicillinase added 6 hours after : 

inoculum sg. . 4 é _ -o—te. ot. mH. —,+ 
Penicillinase added 24 hours after 

inoculum sy. . ‘ ‘ ; _ - _ ee 
Penicillinase added 48 hours after 

inoculum sg. . = P ; -- - — acy Tae hig, Mme ote = - 
Penicillinase added 72 hours after 

inoculum ; P : 


No penicillin. : : , 
Penicillinase added immediately after 


— = No growth after 7 days. tr. = Trace of growth. -+ = Moderate growth. rage Full growth. 


The number of symbols indicates the readings on successive days, readings being taken daily up 
to 7 days. 


Under the conditions of the test it took 6 hours to kill 100 staphylococci, 24 hours , 


to kill 100,000, 48 hours to kill 1,000,000, and 72 hours to kill 10,000,000 organisms. 


Table V shows the effect of different amounts of penicillin with inocula of staphylo- 
cocci. 

__Table V clearly indicates the bacteriostatic action of penicillin and the marked . 
difference in the effect on a small and a large inoculum. This difference may be due 
to either the existence of more resistant variants in the larger bacterial population, or 
to the production of penicillin inactivating substances by the staphylococcus. A 
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TaBLE V.—Bacteriostatic Action of Penicillin on Staphylococcus. 


Details of test —To 6 ml. of Wright’s broth is added 1 ml. of penicillin dilution 
and 0-5 ml. of diluted broth culture of staphylococcus. 0-2 ml. of penicillinase 
added at intervals. Tubes incubated at 37° C. 


Number of Units of penicillin added to each tube. 
organisms added —_— 
to each tube. ‘00. 50. 12°5. 31, None, 


Penicillinase added after 1 os : : ; : 100 . geen gy ees gd. tay 
No penicillinase F : ‘ : : 100. ae el, geen alg 
Penicillinase added after 1 on . : . ‘ 1,000 . : _- 
2days . ‘ ‘ 1,000:.. 6 = 
~ 3 = ‘ . A 1,000 
No penicillinase ° : : ‘ ‘ ‘ 1,000 
Penicillinase added after 1 inn ‘ . ; ° 100,000 
a 5days . ; a 6 100,000 
= 7Tdays . ; " ‘ 100,000 
Bf 10 days . : ; ‘ 100,000 
> 13 — . f 5 P 100,000 
No penicillinase ; ; ‘ ; . 100,000 . 
Penicillinase added after 1 rie ; : : - 10,000,000 . +? 
= te 5days . > : . 10,000,000 . +7. 
7days . J : - 10,000,000 . fi ‘ 


” ” 


”? ” 


ae 10 mints ‘ : = . 10,000,000 . ‘ ¥ ee ee Faye 
No penicillinase ‘ ‘ - 10,000,000 qi! ‘ - +5 , +! 
+}, +4, +3, etc. = senate i, 2, 3, etc., days after eiaiiands of test. — = No growth. 


considerable increase in the concentration of the drug is not accompanied by a similar 
increase in bacteriostatic or bactericidal effects. 

In order that penicillinase should satisfy the criteria for enzymes it is necessary 
to demonstrate that it is a catalyst. This is demonstrated by. the experiment shown 
in Table VI, in which successive amounts of penicillin are inactivated by the same 
quantity of penicillinase. 


Taste VI.—Catalytic Action of Penicillinase. 


Details of test—To 6 ml. of Wright’s broth is added 1 ml. of penicillin 
dilution, 0-5 ml. of Staphylococcus culture containing 200,000 organisms per 
ml. and 0-2 ml. of 1/32 dilution of penicillinase. 


Units of penicillin added to each tube. 
: 6°2. 3°1. 1°6. 8. 
Penicillin and culture ; , . Added 3.viii.44 . — 
ie culture and penicillinase . 3.vili.44 . — 
* and penicillinase . ; 3.viii.44 | 
i. and culture . s 5 8.viii.44 | 
Penicillinase . 2 ‘ ‘ ' 3.viii.44 ) 
Penicillin and culture ‘; A m 8. viii. 44 | 
8.vili.44 . — — 


+ = Growth. — = Nogrowth. 4 unt lial, 


From the details in Table VI it can be seen that under the conditions of the test 
0-2 ml. of a 1/32 dilution of penicillinase inactivates about 3 units of penicillin ; if, 
however, after incubation for 5 days a further 3 units of penicillin is added this is also 
inactivated ; it seems therefore reasonable to conclude that the action of penicillinase 
is catalytic. Since, therefore, penicillinase is a soluble colloidal protein produced by 
a living organism and acts as a catalyst it is an enzyme, and the term penicillinase is 
justified. 
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* The Use of Penicillinase for Sterility Testing High Unitage Penicillin. 

Penicillin preparations are at present tested only for penicillin resistant organisms, 
1 ml. of liquid penicillin is inoculated into 100 ml. of glucose broth for aerobic con- 
taminations, and 1 ml. into 100 mlt meat broth for anaerobic contaminations. When 
dry tablets of penicillin are tested a tablet is dissolved in 10 ml. of distilled water, 
and 5 ml. inoculated into 100 ml. glucose broth and 5 ml. into 100 ml. meat broth, 
for the detection of aerobic and anaerobic contaminants. The tests are incubated 
at 37° C. for 28 days, by which time the penicillin has lost its activity. The potencies 
of the penicillin tested are of the order of 3000 units/ml. for the liquid and 7000 units 
per tablet for the dried penicillin. This test has two big disadvantages : firstly the time 
taken to complete the test, and secondly that it fails to detect susceptible viable 
organisms which may be present in the dried material. Penicillinase prepared as 
previously described in this paper has been tried out experimentally for sterility tests 
on these products and has been entirely satisfactory. One tablet of penicillin con- 
taining 7000 units of penicillin was dissolved in 100 ml. of glucose broth and 1 ml. of 
penicillinase added ; an inoculum of 100 staphylococci added immediately after the 
penicillinase grew in two days, and an inoculum of 1000 staphylococci grew in one day. 
Under these conditions penicillinase is a satisfactory penicillin inactivating agent for 
sterility tests. If the tablet is dissolved in only 6 ml. of broth a small inoculum will 
not grow when added immeédiately after the addition of penicillinase, but will grow 
when added 24 hours later. Penicillinase is being used as a routine in sterility testing 
in these laboratories in parallel with the provisional test; so far it appears to be 
completely satisfactory. As the detection of tetanus spores in testing products for 
human injection is of particular importance, the action of penicillinase on the bacteri- 
cidal effect of penicillin on tetanus spores was investigated. To serial dilutions of a 
suspension of tetanus spores in semi-solid agar was added 50 units of penicillin. Toa 


similar series in addition 1 ml. of penicillinase was added, while a third series without 
penicillin or penicillinase was put up as controls. There was no significant difference 
in the colony counts between the control series and the series with penicillin and peni- 
cillinase, whereas the growth of tetanus was completely inhibited in the series 
with penicillin only. The use of penicillinase would, therefore, detect the ei 
of viable tetanus spores in dried preparations of penicillin. 


DISCUSSION. 


Abul and Chain demonstrated the protein nature of the maids penicillin 
inactivating agent produced. by certain coliform bacilli, and suggested that it was 
an enzyme which they called penicillinase. It has been shown here that the inactiva- 
tion-of penicillin by penicillinase is catalytic, consequently penicillinase is an enzyme 
and the suggested nomenclature is justified. There is an approximately quantitative 
inear relationship between the amount of penicillin inactivated in a given time and 
the concentration of the penicillinase, and provided the conditions are reasonably 
standardized, this affords a convenient method for comparing the activities of different 


_ preparations. The amount of penicillinase present in broth culture filtrates increases 


with the period of growth, approaching its maximum about the 6th day. The active 
substance is completely precipitated with saturated ammonium sulphate, and highly 
active preparations can be prepared in this way. One ml. of a 6-day broth culture 
filtrate concentrated 20-fold by precipitation with ammonium sulphate will inactivate 
at least 7000 units of penicillin. Penicillinase of this level of activity can be used for 
sterility testing high potency penicillin. The presence of viable organisms in dried 
preparations can be detected with 1 ml. of penicillinase provided sufficient culture 
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medium is used to bring the concentration of penicillin to about 70 units/ml. This is 
a practical method of inactivating penicillin for sterility tests, since from 100 litres 
of filtrate 5 litres of penicillinase can be prepared, sufficient for 2500 tests. Penicillinase 
may be used to ascertain the bacteriostatic or bactericidal effect of penicillin in any 
mixture containing the drug and bacteria. As is the case with all bacteriostats, the 
bactericidal effects will, in the main, be due to factors other than the drug, such as 
the normal death-rate of the non-proliferating organisms or the bactericidal effect of 
normal body tissues. Penicillinase may be of use in determining the optimal thera- 
peutic concentration of penicillin for any particular infection. 

This investigation was mainly completed before the publication by Duthie (1944) 
on the production of penicillinase by organisms of the subtilis group. The subtilis 
strain No. 6346 of the National Collection of Type Cultures which was used by Duthie 
was found to be a slightly more active producer of penicillinase than the para-colon 
bacillus. It was confirmed that the addition of penicillin to the growing culture 
increased the yield of penicillinase. The penicillinase produced by the subtilis strain 
could be concentrated by precipitation with ammonium sulphate. 


SUMMARY. 


The penicillinase present in the broth culture filtrates of a para-colon bacillus can 
be quantitatively precipitated with saturated ammonium sulphate. The product is 
suitable for sterility tests on high unitage penicillin. 
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THE TREATMENT WITH ANTITOXIN OF EXPERIMENTAL GAS 
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(b) CL. OEDEMATIENS AND (c) CL. SEPTICUM. 
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In recent investigations on the protective property of Cl. welchii type A antiserum 
in experimental gas gangrene produced in guinea-pigs by Cl. welchit A (Evans, 1943a, 
b), it was shown that although antibodies to at least three antigens (« toxin, 0 haemo- 
lysin and hyaluronidase) elaborated by Cl. welchii A may be present in antisera 
prepared against filtrates of cultures of this organism, it is the « antitoxin which is 
the essential antibody concerned in the control of infection. In a later study (Evans, 
1945) with 30 strains of Cl. welchii A from a variety of sources, it was found that the 
British Standard Gas Gangrene Antitoxin (perfringens), the unitage of which is 
expressed in terms of « antitoxin (Hartley and Evans, 1942), was able to give protec- 
tion to guinea-pigs against either fatal infection produced by virulent strains, or the 
gangrenous lesions produced by strains of lesser virulence. In these investigations 
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antitoxin was always given about 3 hours before the injection of the organisms, and with 


_28 strains it was found that only a small dose of the standard antitoxin (25 units) was 


required to confer complete protection, while with the two remaining strains the larger 
doses of 100 and 200 units were necessary. 

This work has now been extended to study the effects of specific antitoxin in the 
treatment of experimental gas gangrene. It has been shown by others that protection 
against death in experimental gas gangrene can be obtained when antitoxin is given 
after infection. Henderson and Gorer (1940) found that specific antitoxin given 
intravenously 6 hours after infection was able to protect: against death, mice infected 
with either Cl. welchii or Cl. septicum; while Klose and Schéer (1942) have also 
reported that antitoxin given subcutaneously 1 to 3 hours after infection was able to 
protect mice and guinea-pigs against fatal gas gangrene produced either by Cl. welchii, 
Cl. septicum or Cl. oedematiens. McIntosh and Selbie (1943) found that specific anti- 
toxin, given subcutaneously to mice infected with Cl. welchii, protected against death, 
but were unable to obtain consistent results even when treatment was given imme- 
diately after infection. On the other hand, Gordon and McLeod (1941) record the 
results of experiments in which they were unable to protect guinea-pigs against fatal 
infection produced by either Cl. welchii, Cl. septicum or Cl. oedematiens, by the adminis- 
tration (presumably intramuscularly) of specific antitoxin 4 hours after infection ; the 
method which they adopted, however, for producing the disease gave rise to a rapidly 
progressive infection which may have accounted for the failure of antitoxin to protect, 
since in other experiments using a Cl. septicum culture of low virulence the protective 
action of specific antitoxin was demonstrated. 

In this communication experiments are described showing the effects of specific 
antitoxin in the treatment of experimental gas gangrene produced in guinea-pigs by 
(a) Cl. welchit, (b) Cl. oedematiens and (c) Cl. septicum, and special attention has been 
given to the dose of specific antitoxin administered ahd to the interval between infection 


. and treatment. 


‘ 


METHODS. 


Experimental gas gangrene was produced in guinea-pigs by a method similar to 
that devised by Armstrong and Rae (1941), in which washed organisms from a young 
culture were injected intramuscularly into the thigh of the animal after an injection 
of CaCl, solution given three hours earlier. This method produced an infection which 
although it progressed rapidly, was not so explosive as that following some other 
methods of producing gas gangrene and thus allowed a survival period between infection 
and death which, though short in untreated animals, nevertheless permitted a study 
to be made of the therapy of these infections by specific antitoxin. The technique has 
been used successfully on previous occasions (Evans, 1943a, b, 1945 ; Evans, Fuller 
and Walker, 1944). Three virulent strains were employed, Cl. welchii A “S.R. 9,” 
Cl. oedematiens ‘‘ Jolly,”’ Cl. septicum “‘ V.S. 54,” and with each strain approximately 
50 organisms produced with unfailing regularity fatal infection in guinea-pigs weighing 


. from 400-500 g. The infecting dose used in the following experiments contained 


about 50,000 organisms, equal to 1000 fatal infecting doses. 

The British Standard Gas Gangrene Antitoxins (Hartley and Evans) were used 
throughout this investigation and the doses were always administered by the intra- 
venous route. The 0 antihaemolysin content of the British Standard Gas Gangrene 
Antitoxin for Cl. welchii type A is small; for every 200 units of « antitoxin there is 
only 0°25 provisional unit (see Evans, 1943) of 8 antihaemolysin (private communication 
from Dr. C. L. Oakley of the Wellcome Laboratories). 
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RESULTS. 
Clostridium welchii. 

Fig. 1 shows the results obtained in the treatment, with specific antitoxin, of 
guinea-pigs infected with Cl. welchit A. In the first experiment antitoxin was given 
6 hours after infection when the infected thigh of each animal was swollen, although 
no oedematous swelling of the abdominal wall was then evident. It will be seen that 
some protection, shown by the increased survival time of many of the animals, was 
afforded by the small dose of 5 units of antitoxin, and that 25 units gave a high degree 
of protection against death which was hardly improved upon by a ten-fold increase in 


EACH GUINEA-PIG INFECTED WITH APPROX. 1000 LETHAL DOSES OF CL.WELCHII : 
ANTITOXIN GIVEN INTRAVENOUSLY 


DOSE OF 
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Fic. 1.—Treatment of experimental gas gangrene (Cl. welchii) with antitoxin. The horizontal 
lines indicate the duration of survival. Guinea-pigs surviving for 15 days were killed for 
examination and each was found to be specifically infected. 


the dose to 250 units, while complete protection against death was achieved in the 
group of animals receiving 2500 units. All the animals which were surviving 15 days 
after infection displayed lesions which varied in severity from a slight swelling at the 
site of infection to an extensive gangrenous wound, and from all these lesions Cl. welchii 
was isolated. The power of specific antitoxin to preserve the life of the infected 
animals was also demonstrated in a second similar experiment in which antitoxin was 
given 16 hours after infection. At this stage of the disease each guinea-pig had a large 
oedematous swelling of the thigh, groin and abdominal wall, the infection being well 
advanced. A good degree of protection was, however, again conferred by 25 units of 
antitoxin, but no improvement on this effect resulted when the dose was increased to 
250 or 2500 units. All the surviving animals showed lesions which were infected with 
Cl. welchii, and which were more extensive than those shown by the surviving animals 
in the 6-hour experiment. In the third experiment treatment was delayed until 
20 hours after infecting the guinea-pigs, when the disease had proceeded so far that 
the oedematous swelling had extended beyond the abdominal wall and in some cases 
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had reached the axilla. Treatment with antitoxin at this stage gave only a slight 
degree of protection, but again it was evident that no improvement could be obtained 
when the dose of antitoxin was increased from 25 to 2500 units. 


Clostridium oedematiens. 

Similar experiments were performed in which guinea-pigs infected with Cl. oedema- 
tiens were treated with specific antitoxin (Fig. 2). When the interval between infection 
and treatment was 6 hours, at which stage the infection had produced only a slight 
swelling of the thigh, 25 units were unable to protect against fatal infection, although 

EACH GUINEA-PIG INFECTED WITH APPROX. 1000 LETHAL DOSES OF CL. CEDEMATIENS : 
ANTITOXIN GIVEN INTRAVENOUSLY 


DOSE OF 


ANTITOXIN 6 HOURS AFTER INFECTION 16 HOURS AFTER INFECTION 24 HOURS AFTER 
| 


INFECTION 


25 units 
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CONTROLS . CONTROLS CONTROL S 


NIL 
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DAYS 


Fic. 2.—Treatment of experimental gas gangrene (Cl. oedematiens) with antitoxin. The horizontal 
lines indicate the duration of survival. Guinea-pigs surviving for 28 days were killed for 
examination. Cl. oedematiens isolated, + ; not isolated, —. 


the treated animals did not die quite so quickly as the controls. On increasing the 
dose of antitoxin to 250 units, again protection against fatal infection was not achieved 
although the time to death was lengthened considerably, the animals surviving for 
10 or 11 days. During this period between infection and death, each of the animals 
in this group appeared normal, except for a small swelling of the infected thigh, until 
the day before death, when an extension of this swelling was observed which continued 
to increase and was followed by death next day. Complete protection from death 
was, however, obtained in the group of animals which received 2500 units of antitoxin ; 
at 28 days each guinea-pig receiving this large dose was alive and well, and moreover 
Cl. oedematiens could not be isolated from the thigh, which was still slightly swollen. 
An almost identical result was obtained when treatment with antitoxin was delayed 
until 16 hours after infection, when the infected thigh was considerably swollen and an 
oedematous swelling of the groin had appeared, but when treatment was given at 
24 hours no protection resulted from the injection of even 2500 units. 
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Clostridium septicum. 


The same type of experiments were made in which guinea-pigs infected with Ci. 
septicum were treated with specific antitoxin (Fig. 3). It was observed that the 
disease produced by this organism progressed much more rapidly than that resulting 
from either Cl. welchii or Cl. oedematiens. All the guinea-pigs which served as controls 
in the experiments with Cl. septicum died in 20 to 26 hours after infection. Treatment 
with antitoxin was given at 6 hours when each infected animal showed definite signs 
that the disease wa8 well established, the thigh into which the organisms had been 
injected being markedly swollen. At this stage no protection against fatal infection 


EACH GUINEA-PIG INFECTED WITH APPROX 1000 LETHAL DOSES OF CL. SEPTICUM: 
ANTITOXIN GIVEN INTRAI SLY 
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Fic. 3.—Treatment of experimental gas gangrene (Cl. septicum) with antitoxin. The horizontal 


lines indicate the duration of survival. Guinea-pigs surviving for 28 days were killed for 
examination. Cl. septicum isolated, -+- ; not isolated, —. 


was conferred by 25 units of antitoxin, but 250 units showed some protective action 
(50 per cent. of the guinea-pigs receiving this dose survived), while all the animals 
receiving 2500 units were protected against death. At 28 days after infection each 
surviving animal showed either a small swelling or a small dry scar at the site of 
infection, and from some but not all of these lesions it was possible to isolate Cl. 
septicum. When the interval between infection and treatment was extended to 16 
hours no protection was given by even 2500 units of antitoxin. 


Brief mention may be made of one clinical observation which was apparent, 
especially in the treatment of gas gangrene produced by Cl. welchii. Many of the 
infected guinea-pigs were given antitoxin intravenously at a late stage of the disease 
when they were showing severe and almost terminal symptoms ; they were listless, 
dyspnoeic, with staring coat, closing eyes, and making no effort to move or feed. The 
change in the animals, sometimes within a few minutes of receiving the intravenous 
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injection of antitoxin, was most marked and even dramatic ; they became lively and 
interested, moved about the cage and started feeding again, and, indeed, apart from 
the extensive oedematous lesions caused by the infection, they appeared and behaved 
almost like normal animals. 


As previously stated, all the experiments reported above were performed with the 
British Standard Gas Gangrene Antitoxins, which are natural antisera, prepared in 
horses. The protective effects of a Cl. welchit antitoxin, refined and purified by modern 
methods and kindly supplied by Mr. A. T. Glenny, of the Wellcome Laboratories, have 
also been examined in strict comparison with the natural serum standard. The anti- 
toxins were given intravenously to guinea-pigs 6 hours after infection with Cl. welchit, 
and from the results it was evident that there was no difference in the power of the two 
preparations to protect against a fatal issue. 


DISCUSSION. 


In the treatment with specific antitoxic serum of experimental gas gangrene 
produced in guinea-pigs by (a) Cl. welchii, (b) Cl. oedematiens, and (c) Cl. septicum, the 
interval between infection and administration of antitoxin has been shown to be an 
important factor in the control of the disease. Under the experimental conditions 
adopted in these tests, it was found that if the injection of antitoxin was delayed for 
more than 20-24 hours in the case of Cl. welchit and Cl. oedematiens infections or 16 
hours in the case of Cl. septicum infection, the highest dose of antitoxin given, 2500 units, 
was unable to alter appreciably the course of the disease and death of the animal 
invariably followed. If, however, antitoxin was given during the early stages of the 
infection, even though it was apparent from clinical observations that the disease 
was then well advanced, the guinea-pigs could be completely protected against death. 
The inability of antitoxin to show any curative effects during the later stages of each 
of these infections was, no doubt, in some cases due to the infection having proceeded 
so far before antitoxin was given that the actual damage caused by the toxin was 
sufficiently extensive and severe to prove fatal. In other cases, however, the actual 
damage already produced by the toxin before antitoxin was given may not have 
been severe enough in itself to cause death, but may have been sufficient to inhibit 
the passage of antitoxin from the circulation into the lesion produced by the toxin, in 
the way that has been described by Miles and Miles (1943), and thus allow the destruc- 
tive action of the toxin to continue unchecked, resulting finally in the death of the 
animal. 

The ability of antitoxin to protect.against fatal infection depended, not only on 
the time of administration, but also on the dose. In the experiments with Cl. welchii, 
a relatively small dose of antitoxin, 25 units, conferred substantial protection against 
death when given in the early stages of the disease, and the effect of this dose was 
hardly improved upon by an increase to 250 or 2500 units. With Cl. oedematiens 
infection, protection against death even in the early stages could only bo achieved by 
the injection of 2500 units, and in the case of Cl. septicum infection, 250 units given at 
6 hours protected some animals against death, while 2500 units saved the lives of all 
the treated animals. It is not a peculiarity of Cl. welchii antitoxin that small doses 
are as effective as large, since the dose of antitoxin is.expressed in arbitrary units 
which bear no necessary relationship to the clinical efficacy of the antitoxin. It is 
not possible at present to explain what factors determined the size of the dose required 
for complete protection, but it is reasonable to postulate that the dose of antitoxin 
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which was able to protect against death was one which produced in the circulation a 
concentration which ensured that the antitoxin passing into the infected area was 
sufficient completely to neutralize the toxin elaborated by the proliferating organisms. 
When complete neutralization of toxin occurred, then the conditions became unsuitable 
for continued bacterial development, in the same way as it has been shown, by De 
Kruif and Bollman (1917) and later by others, that gas gangrene-producing organisms 
washed free from toxin can be injected in large numbers intramuscularly into suscep- 
tible animals without giving rise even to local lesions. 

Not only was it possible to protect infected animals against death, but in the case 
of Cl. oedematiens and Cl. septicum infections, it was found with some of the surviving 
guinea-pigs when examined 28 days after infection that the specific organism was not 
present in the lesion which had developed in the initially infected limb. In the Cl. 
welchit experiments all the surviving animals were found to be specifically infected, 
but the tests were made at the relatively short period of 15 days, the severity of some 
of the lesions being such that the observations had then to be terminated. Experi- 
ments are in progress with the object of studying certain of the problems raised by 
these investigations, and especially the factors responsible for the elimination of the 
specific organism from infected animals treated with antitoxin. It is possible that the 
action of antitoxin is confined to the neutralization of toxin, and that the control of 
the infection and the survival of the guinea-pigs is due to the operation of the natural 
defence and recovery mechanisms of the animal. 


SUMMARY. 


An investigation has been made of the effects of treatment with specific antitoxin 
of experimental gas gangrene, which has been produced with unfailing regularity in 


guinea-pigs by (a) Cl. welchit A, (b) Cl. oedematiens, and (c) Cl. septicum. 

Antitoxin administered intravenously was followed by a marked clinical improve- 
ment in the coridition of many of the guinea-pigs even when the illness had reached 
an advanced stage ; and, while antitoxin apparently could not influence the develop- 
ment of the lesions produced by the action of toxin on local tissue, yet it was able to 
prolong life véry considerably provided treatment was instituted in the early stages 
of the disease, presumably before too much actual or potential damage had been done 
by toxin. 

In the case of animals infected with Cl. welchii, no significant difference could be 
demonstrated between the effects produced by 25 or 2500 units of antitoxin ; the 
delay in treatment could not be compensated for by increased dosage. 

With Cl. oedematiens and Cl. septicum infections protection against death was only 
achieved by the intravenous injection of large doses of antitoxin at an early stage of 
the disease. It is noteworthy, however, that many of the surviving animals, when 
examined 28 days later, were found to be free from specific infection, and the repair 
of the lesion was well advanced. 

No strict comparison can be made of the protective effects of the three antitoxins, 
since the doses are expressed in arbitrary units which bear no necessary relationship 
to clinical efficacy. 

The results of these experiments support the view that, once the toxaemia has 
been brought under control by antitoxin, the power of the infecting organism to pro- 
liferate is restricted, and the natural defence and recovery mechanisms of the guinea- 
pig are brought into effective operation ; prolongation of life occurs, and under certain 
conditions of experiment complete recovery is effected. 
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THE object of this study was to examine and analyse mitotic activity in pernicious 
anaemia bone marrow with a view to obtaining data on the mechanism of haemopoiesis 
and the action of liver extract in the disease. 


MATERIAL AND TECHNIQUE. 


The investigations were carried out in a typical case of pernicious anaemia (a 
woman, aged 65, patient of the Royal Infirmary, Edinburgh*). Three specimens 
(marked I, II and IIT in tables) of sternal marrow were obtained by the usual technique 
—one before treatment, the second at the peak of the reticulocyte response on the 
sixth day after the parenteral administration of the liver extract, and the third one 
four weeks later, when considerable improvement in the peripheral blood count had 
taken place. Three kinds of preparations were made from isolated particles of the 
bone marrow : ordinary Leishman stained films ; smear films stained with Feulgen’s 
stain (smears when dry put into N/HCI in oven at 60° C. for 6 minutes, then into 
Feulgen’s stain for 1} hours, rinsed with SO, water, through 50 per cent. alcohol, into 
absolute alcohol, and mounted in euparal) ; and aceto-carmine preparations made 
according to the technique described in a previous paper (Japa, 1942). 


+ RESULTS. 


Differential Counts. 

The blood counts and myelograms are given in Table I. In the latter, two classes 
of cells were distinguished in the erythroblastic system : large primitive cells with 
openwork structure of the nucleus and basophil cytoplasm in one group, and smaller 
ones with pyknotic nuclei in the other; they have been named non-committally in 

* My thanks are due to Dr. T. R. R. Todd for permission to obtain material for this study. 
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the text and tables as early and late erythroblasts. Megakaryocytes were counted 
according to the method described previously (Japa, 1943), classification being based 
on the number of nuclei per cell (Table II). It will be noted that in Sample I the 
erythroblastic and leucoblastic systems are characterized by a larger proportion of 
primitive cells at the expense of later types. The megakaryocytes show the same 
tendency, and in addition there is a reduction in their numbers in relation to other 
nucleated cells. 


TABLE I. 


Haemograms. See ean EEEEEnn Gane Myelograms (per cent.) 


Hb (Sahli), per cent. . | eae 0. . Haemocytoblasts 
R.B.C. (millions) : 2 a 0. . Myeloblasts : 
Colour index . : : > ee . Premyelocytes . 
Retics., per cent. ‘ 6 . ‘Oe ° Myelocytes : 
W.B.C. (thousands) . | ae -B . Metamyelocytes 
Platelets (thousands) . a Oo. . Staff cells . 4 
Polymorphs 
W.B.C, differential Lymphocytes 
count (per cent.) Monocytes : 
Polymorphs ; ; 8. ‘0 . . Erythroblasts : 
Eosinophils : ° 2. . 2. . Early . 
Lymphocytes’. - 41:6. 1D» . Megakaryocytes i ee 
Monocytes ‘8 , (1900 cells counted.) 
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(250 cells counted.) 


TABLE I1.—Differential Count of the Megakaryocytes (Aceto-carmine Preparations). 


Sample. 
L Il. III. 
—_ --— EN —Vv_wee—- 
Number. %. Number. %. Number. %. 
9 6-342-:0 . 5 3-24+1°3 . 3 2-3+1-3 
75 §2:8414-2 . 58 37:-643°9 . 35 27:0+3:°9 


, ‘ . -. 39-444-1 . 79 51-344:0 . 70 53-8+4-4 
16 ‘ . ° . 2 1:441:0 . 12 7°-842:2 . 22 17:0+3:°3 


Total non-involuting . ; . 142 56-8 . 154 61-6 Pe 52-0 
Total involuting . ; : - 108 43-2 i 38-4 . 120 48-0 
Number of cells counted : . 250 . 250 : 250 


Proportion of the Megakaryocytes to Mononucleated Cells. 

Number of megakaryocytes counted 100 * 100 ‘ 100 

Number of mononucleated cells. 53,000 ; 16,700 ; 18,650 
(The differences between the three samples are statistically significant for each class of cells.) 


Rate of Mitosis. 

In order to ascertain the general proportions of dividing cells to all cells, irrespec- 
tive of their stage of maturity, aceto-carmine preparations were used. In these practi- 
cally every nucleus and every mitotic figure is well-preserved, which can hardly be 
said of smear films. The only serious disadvantage of this method is the lack of the 
differential staining of the cytoplasm and the impossibility of distinguishing between 
young mononucleated cells. The data obtained showed that their general rate of 
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mitosis, amounting to 18-8 per thousand in the first specimen, was gradually diminish- 
ing in the two following biopsies, the third yielding 9-5 per thousand cells (Table ITT, a). 
Counts of the megakaryocytes yielded similar results in that the general rate of mitosis 
calculated for all cells (non-involuting and involuting) is high in relapse and decreases 
during treatment (Table III, 8). The rate of mitosis examined separately for the 
erythroblastic and leucoblastic systems in Leishman-stained films also shows the 
decrease during remission in both systems (Table ITI, c and D). 


TaBLe III.—General Rate of Mitosis. 


A. In mononucleated cells (aceto-carmine). 


Number of cells Number in 
Sample. counted. mitosis. a 


ge ‘ ‘ , . 5,300 . 100 ° 1-88+0-19 
II. ; , . ‘ 8,600 ° 100 ‘ 1-16+0-12 
it. . A ; . 10,500 ° 100 . 0-95+0-10 


B. In megakaryocytes (aceto-carmine). 


ae ; : , . 2,450 ° ° 2-04+0-29 
a : : Bes ty 3,300 . ° 1-51+0-22 
Ill. . . ‘ , 3,900 , ° 1-28+0-18 


c. In erythroblastic system (Leishman). 


iE ‘ . ‘ , 4,160 . ° 2-40+0-24 
i. ; : ~ : 6,050 : . 1-66+0-17 
it. ; . ‘ : 5,550. . 1-80+0-18 


dD. In leukoblastic system (Leishman). 


Ais : : : : 3,600 , 50 . 1-40+0-20 
te Ta ‘ : : : 5,900 ° 50 : 0-84+0-12 
Il. ; : A ea 9,540 : 50 . 0-52+0-07 


(In all cell systems the differences between the three samples are statistically significant.) 


The data however are quite different if one calculates the rate of mitosis separately 
for each class of cells in the three respective systems. 

Erythroblasts—When the dividing and non-dividing cells were estimated in this 
way it appeared that the rate of mitosis in both early and late erythroblasts was not 
decreasing, but showing very much the same values in the successive biopsies (Table 
IV, a). 

Leucoblasts.—The occurrence of: division in cells of the leucoblastic system was 
observed until the myelocyte stage. There was no distinct evidence that the meta- 
myelocytes are still able to undergo mitotic division, and these cells were not taken 
into account. The rate of mitosis was calculated for two groups, myeloblasts and pre- 
myelocytes in one (the number of myeloblasts being too small to give reliable data), 
and myelocytes in the other. Data thus obtained showed that, in these respective 
classes the proportion of mitotic cells was very much the same in all three specimens 


~ (Table IV, B). 


Megakaryocytes.—The most instructive of all three systems are the megakaryo- 
cytes. These cells have the exceptional quality that the number of cell generations 
and the grouping of cells in each generation can be determined very accurately, at 
least in the great majority of cases. This is not possible to any equal degree in mono- 
nucleated cells, though the two arbitrarily accepted classes in the erythro- and leuco- 
blastic systems certainly contain more than one generation. Fifty characteristic 
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multiple mitotic figures were classified according to the number of nuclei, and the 
corresponding total of megakaryocytes (without classification) counted. After sub- 
tracting from the total the due proportion of involuting forms, the percentage in the 
respective classes was calculated for each specimen from the differential count already 
made (Table II) and the rate of mitosis for each generation determined. From the 
data so obtained (Table IV, c) it appeared that while in the two youngest generations 
(those with two and four nuclei) the rate of mitosis is very much alike in relapse 
and during remission, it is most probably increasing in the older generation during 
treatment. 
TABLE IV.—Rate of Mitosis in the Differentiated Classes. 


A. Erythroblastic system (Leishman). 
Early erythroblasts. Late erythroblasts. 


Number in ) Number in , 
Population. maitosia. %. Population. mitosis. 7+ 


URES 1700 ° 65 . ,38:82+40-47 . 2460 ; 35 - 1-42+0-24 
ae 450 . 21 . 4-66+1-00 i 5600 : 79 - 1-41+0-16 
mee: 250 . 15 - 6-00+1-50 . 5300 . 85 - 1:-60+0-17 


B. Leucoblastic system (Leishman). 
Myeloblasts and premyelocytes. Myelocytes, 
—_—_—“—"——_———n ns ss — $$ —————— 
£5 596 . 36 . 6-04+1-00 ; 1200 ; 14 - 1°1740-44 
i 330 ‘ 20 - 6-06+1-31 . 2200 : 30 - 1°3640-25 
| | Eames 262 : 14 - 5°3441-39 3050 : 36 - 1-°18+0-20 


Sample. 


c. Megakaryocytes (aceto-carmine). 
Dividing megakaryocytes with— 


Total Fg aR SESE a ; Saks 
number. 2 nuclei. 4 nuclei. 8 nuclei. 16 nuclei. 
——e, ro 


— —_—s* 


_—_— w—_ Tem. 
Number. %. Number. ,® Number. %. Number. %. 


I. 2450 . 21 23-344-:2 . 26 3-4810-67 . 3 0-53+0-3) ae 
II . 3300 . 14 21-545-1 . 25 3-2640-64 . 10 0-9540-30 ..1 0-62+0-62 
Ill . 3900 . 17 36°949-:0 .- 20 3-65+0-80 . 10 0-9140-29 . 3 0-87+0-51 


(The differences between the rate of mitoses in the three samples are not statistically significant in 
any of the above cell types.) 


Mitotic Stages. 


In the process of counting the dividing cells the mitotic stages were also recorded. 
Here an interesting phenomenon was noticed. The proportion of the prophase stage, 
rather high in the first specimen, became lower in the second and even more so in the 
third sample to the advantage of meta-, ana- arid telophase stages. This was first 
observed in Leishman-stained cells of both erythro- and leucoblastic systems, and a 
more detailed study of aceto-carmine preparations confirmed that there were notable 
differences in three samples (Table V, A) : in particular the proportion of the prophase 
stage, which amounted to about 50 per cent. of the whole in the first, decreased during 
treatment to about 25 per cent. in the third. A similar if somewhat less marked 
phenomenon was observed among the dividing megakaryocytes (Table V, B). The 
outstanding importance of this fact will be discussed later. 

The detailed qualitative examination of the mitotic figures showed one rather 
peculiar characteristic in the first specimen which was not encountered in the other 
two, namely very long, thin, threadlike chromosomes in late prophase and early 
metaphase stages. The significance of this appearance, which suggests the inadequate 
and prolonged spiralization of the chromosomes, will be taken up in the discussion. 
Otherwise the course to mitosis seemed as a rule to be regular in all three specimens. 
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TABLE V.—Proportion of Cells in Different Stages of Division. 


a. In mononucleated cells (aceto-carmine). 


Prophase. Metaphase. Anaphase. Telophase. 
Sample. ‘Total. — —_——_——— echineapaaael aise. diesen. 
Number. %. Number. %. Number. %. N umber. %. 
I. 250 . 128 51°245°2 . 84 33-643°7 . 25 10-0+2:0 . 13 §-241-4 
Il . 250 , 76 30:443:5 . 105 42:044-1 . 35 14:042-4 . 34 13-642-3 
IIIT . 250 . 61 24443-1 . 184 653°644-6 . 27 10-842-1 . 28 11-242-1 


B. Megakaryocytes (aceto-carmine ; 50 mitotic figures in each sample cownted ; per cent.). 


Prophase. Metaphase. Anaphase. Telophase. 
i, 4 ; ; 46 . 28 P 20 J 6 
II - ; " 32 ° 38 ° 16 ‘ 14 
at : r 30 . 38 16 ‘ 16 


(The differences between the three samples in Table A are statistically significant.) 


Nucleoli. 


Recent investigations are attributing ever-increasing importance to the nucleoli 
in the reproduction of cells and for this reason their behaviour was also studied. 
Feulgen-stained films were used as they are best for this kind of investigation. On 
counting it was found that in the first specimen the total number of cells with visible 
nucleoli was 170 per thousand nucleated cells, while in the second the corresponding 
figure was 180, and in the third 225. Comparison of these figures with the correspond- 
ing myelograms (Table I) leads to the conclusion that in the first specimen only about 
half of the most primitive cells (early erythroblasts, myeloblasts and pre-myelocytes) 
contain nucleoli, while in the third specimen the proportion in which they are visible 
is several times greater than the number of primitive cells, which confirms that now 
the older forms also contain nucleoli. 


DISCUSSION. 


Before discussing the data presented it seems advisable to define strictly one or 
two of the terms which have been or are to be used in this paper. By the term “ rate 
of mitosis,” which has been frequently used, one should infer nothing more than the 
proportion of dividing cells visible in a population. In other words, it represents the 
relative numbers of cells in mitosis and in the resting stage, and so indicates the relative 
periods of time required to complete each of them. As can be deduced on further 
consideration, the rate so defined does not give much information about the actual 
“frequency of mitosis’ or ‘‘ frequency of reproduction,” which Gray (1931) defines 
as the number of nuclear divisions per unit of time. One can describe this more 
simply as the time interval between two successive telophase stages of a cell. As can 
be seen from Fig. 1, the same rate of mitosis in two different samples of cells does not 
necessarily result in the same frequency of mitosis. Their relation’ depends on the 
“duration of mitosis,” that is, the time needed for completion of the division of the 
cell from the beginning of the prophase until the end of the telophase, and it is obvious 
that knowing the values of any two of these factors for a particular sample of cells 
one can calculate the third. 

The data presented in Tables III and IV demonstrate that although the rate 
of mitosis calculated for all cells together is much increased in relapse in comparison 
to the period of remission, it does not show any significant differences in the various 
differentiated groups of cells in any of the three systems of the bone narrow. In other 
words, the proportion of dividing to non-dividing cells of each type is very much 
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alike before and during treatment, which seems to suggest that the respective types 
divide with the same frequency in relapse and in remission. However, further analysis 
of the proportions of the four mitotic stages leads to a different conclusion. 

The investigations of various observers (Lewis and Lewis, 1917; Wright, 1925; 
Darlington, 1937) studying the actual duration of mitosis in living plant and animal 
cells show that the time needed for the complete nuclear division is different in different 
_kinds of cells. But these observations also show that, while the respective duration 
of meta-, ana-, and.especially telophase stages is usually short and uniform, the pro- 
phase stage exhibits considerable differences in duration in various cells studied. 
This seems to lead to the conclusion that when the division process of cell lasts longer 
it does so chiefly by the lengthening of the prophase stage. Moellendorff (1938) 
noticed that mitosis in fibroblasts in tissue culture normally lasted 50-100 minutes, 
while in pathological conditions it could be lengthened to 410 minutes. The description 
of his experiments suggests that the increased time taken was due mainly to the 
prolongation of the prophase. 

It is obvious that the percentage of any given mitotic stage present indicates the 
relative time occupied by it in comparison to the total time needed for the complete 
cycle of mitosis. Thus, in the third specimen (Table V, a), 24-4 per cent. in the prophase 
stage means that this stage lasts about a quarter, and all three other phases about 
three-quarters of the time required by the cell for its complete division. In, the first 





Fic. 1.—To illustrate the difference between rate, frequency and duration of mitosis. ‘‘ T ” marks 
the end point of telophase ; P—beginning of the prophase. The sections on the horizontal lines 
represent units of time, so that T,—T, is the lifetime of a cell generation, T,—P, is the duration of 
the resting stage, P,—T, is the duration of mitosis. In A the duration of mitosis is double that 
in B. In A and B the proportion of dividing cells, i.e. the rate of mitosis, will be the same (20 

per cent.). 1. B the frequency of mitosis, or frequency of reproduction, is twice as high as in A 

(1 division per 10 time units as compared with one division per 20 units). 


specimen the prophase obviously lasts about the same time (51-2 per cent.) as all other 
phases together. Assuming that the time taken by meta-, ana-, and telophase is the 
same in all three specimens, a simple.calculation will show the duration of the prophase 
in the first specimen to be three times as long as in the third, and the whole process 
of mitosis one and a half times longer. Further, assuming that the duration of meta-, 
ana-, and telophase was also a little longer in ‘the first sample than in the third (as 
suggested by the relative proportion between those stages in the successive biopsies), 
one could safely accept that the duration of mitosis was at least twice as long in the 
former. 

Data regarding the actual duration of mitosis in human blood cells are very scarce. 
Ernst and Askanazy (after Rohr, 1940) put it at 30-120 minutes. The mesenchyme 
cells from laboratory animals observed in tissue cultures were found by different 
investigators to complete their division in about half to one and a half hours’ time 
(Lewis and Lewis, 1917; Strangeways, 1922; Wright, 1925; Moellendorff, 1938). 
Assuming as dees Rohr (1940) that the division of the cells in normal marrow lasts 
on the average one hour, and considering the third specimen of the examined bone 
marrow as about normal, then reasoning along the lines given above leans to the 
conclusion that the duration of mitosis in the first specimen is at least two hours. 
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Similarly the relative and the actual duration of the resting stage for the different 
cells can be calculated if the proportion in mitosis and the duration of mitosis are 
known. For instance if the proportion of dividing to non-dividing early erythroblasts 
in the third specimen (Table IV, a) is 6 to 94, it means that the resting stage in this 
group of cells is on the average 16 times longer than the time required for mitosis or, 
if mitosis lasts one hour, that the resting stage lasts 16 hours. As the proportion of 
dividing to non-dividing cells in the respective classes-is very much alike in all three 
specimens (Table IV, a), and having decided already that the duration of mitosis is 
at least twice as long in the first sample as in the third, the necessary conclusion is 
that the time interval between two successive divisions is also at least twice as long in 
the former. In other words, in relapse, not only is the duration of mitosis prolonged 
but, what in effect is more important, successive mitoses occur at longer intervals. 

Megakaryocytes are the unique example of marrow cells, in which one can ascertain 
exactly the number of generations and identify to which generation they belong. In 
normal marrow one finds five generations (taking the cells with two nuclei as the first, 
and those with 32 nuclei as the fifth), remembering always that involution begins in 
the third, and only a small proportion of cells reach the fifth generation (Japa, 1943). 
In the present case the differential count of the megakaryocytes (‘Table II) shows that 
the number of generations in the first specimen was reduced by one or two, the cells 
undergoing involution after passing the second and some even in the first generation. 

It is a well-known fact that the average size of erythrocytes and granulocytes in 
the peripheral blood is increased in pernicious anaemia (Cooke and Hill, 1931 ; Love, 
1932). Further, it has also been pointed out by many authors that, in this condition, 
the hemoglobinization of the cytoplasm in erythroblasts starts in larger and morpho- 
logically younger cells than in normal marrow. A similar phenomenon was observed 
in leukoblasts in- which differentiation begins as early as the premyelocyte or even 
myeloblast stage (Tempka and Braun, 1932 ; Segerdahl, 1935 ; Jones, 1936 ; Dameshek 
and Valentine, 1937; Whitby and Britton, 1939; Rohr, 1940; Wintrobe, 1942; 
Limarzi, 1943). Tempka and Braun suggest that polymorphs in pernicious anaemia 
develop directly from premyelocytes, omitting the myelocyte stage. Cooke and Hill 
(1931) and Rohr (1940) explain the presence of hypersegmented large polymorphs and 
giant ‘‘ stab ’ forms in the pathological marrow by their development from the larger 
more primitive cells. Accepting that the number of cell generations in erythroblastic 
and leucoblastic systems is reduced analogously with the megakaryocytes, such findings 
in marrow and blood are easily understandable. 

The reduction in the number of generations in all three cell systems explains very 


_ well the quantitative changes in the blood. Assuming for the sake of example that 


like the stem cell of the megakaryocytes the primitive erythroblast passes through the - 
same number of cell generations, it ought to produce finally about 32 normoblasts, and 
after further differentiation the same number of ripe erythrocytes. If in pernicious 
anaemia the generations are reduced by one, the erythrocytes in consequence will be 
reduced to one-half; if two are suppressed the number of ripe cells will be reduced to 
one-fourth (Fig. 2). The same holds for leucoblasts, and thus anaemia, leucopenia, 
and low platelet count characteristic of the disease are easily explained. 

The demonstrable fact of the suppression of some generations in megakaryocytes, 
and the circumstantial evidence of the same phenomenon in erythro- and leucoblastic 
systems, finds “its outstanding corroboration and perhaps some explanation in the 


. behaviour of the nucleoli in relapse and during remission as observed in the present 


study. According to recent investigations (Caspersson and Schultz, 1940 ; Caspersson, 
1941; Darlington, 1942; Koller, 1943, and others) nucleoli seem to ‘play a very 
important although not yet quite completely understood role in the life-cycle and 
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reproduction of the cell. Darlington points out that they take part in the metabolism 
of nucleic acids, which in turn are necessary for the reproduction of chromosomes ; 
accorcing to him chromosomes become charged with the nucleic acids during prophase 
stage, and this process is closely connected with their spiralization, which reaches a 
maximum at the metaphase stage. He also noticed that the lack or the diminution 
of the nucleoli has an inhibiting influence on. the spiralization of the chromosomes 
and the whole course of mitosis. Those and other observations lead to the conclusion 
that the ability of the cell to reproduce is in some way connected with the presence 
and the normal function of nucleoli. 

Thus the morphological study of the bone marrow, the proportion of tlie young to 
older cell generations in the three respective systems, especially in megakaryocytes, 
the analysis of the mitotic process and the behaviour of the nucleoli all lead to the 
same conclusion—that the essential pathological factor in pernicious anaemia bone 
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Fic. 2.—Hypothetical scheme of the erythropoiesis and megakaryocytes development in normal 
(left) and in pernicious anaemia (right) bone marrow ; the total suppression of two cell genera- 
tions and lower frequency of mitosis are graphically represented. 

leseee = period of cell reproduction. 
——— = period of cell differentiation. 
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marrow lies in a reduced capacity of the cells for division. This results in prolongation 
of the duration of mitosis, less frequent mitosis, and its cessation after a smaller number 
of divisions than is usual in normality. These pathological changes affect the whole 
organ, and are of the same essential character in all three cell systems of the bone 
marrow. This is in agreement with the suggestion first made by Davidson and 
Gulland (1930) and repeatedly expressed by others (Naegeli, 1931; Tempka and 
Braun, 1932; Jones, 1936; Dameshek and Valentine, 1937; Rohr, 1940) that 
pernicious anaemia affects not only the erythroblastic system but the leucoblastic and 
thromboblastic also—that in fact it is a panmyelopathy. 

The less frequent mitosis (i.e. prolongation of the resting stage) suggested by the 
analysis of the mitotic stages could perhaps explain another puzzling problem of 
pernicious anaemia marrow—that of megaloblasts. The most striking feature of these 
cells is their size. As growth takes place during the resting stage, and as according 
to all the above data this is considerably prolonged. in pernicious anaemia marrow 
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cells, it might be the cause of the larger size and number of primitive erythroblasts in 
this disease. 

There is finally the problem of the changes occurring in marrow during remission. 
Considering that the primitive cells in marrow divide very often, probably every few 
hours, it is obvious that every megaloblast and leucoblast could pass within a short 
time into the later stages after the administration of the liver therapy. Considering 
further that in the presence of the haemopoietic principle the cells have their capacity © 
for undergoing the normal number of generations restored, and that the oversized 
primitive cells are no longer produced because the resting stage is shortened, the rapid 
change observed in the bone marrow is satisfactorily explained. 

With regard to the proportion of dividing cells, it is concluded that the appearance 
obtained in remission, of a decrease in the rate of mitosis in the whole cell population, 
is illusory, and results because in all three systems the cell types representing the older 
generations show a smaller percentage of mitosis and there are now relatively more of . 
them (Table IV). In any particular cell type the percentage of division figures 
visible is roughly the same, but the life cycle of the cell is shorter in normality, so that 
there is actually a greater frequency of reproduction. Despite the increased numbers 
of the older types, and the added generations, their frequency of mitosis is too low to 
prevent the total trend, so that the general picture is one of decreased mitosis during 
remission, though the individual cell types are dividing more actively. 


SUMMARY. 


1. Quantitative and qualitative data are presented on mitosis in the erythroblastic 
and leucoblastic systems, and in megakaryocytes, in pernicious anaemia bone marrow 
during relapse and remission. 

2. The pathological changes observed in pernicious anaemia affect all three cell 
systems of the bone marrow, and are in each of them of the same essential character. 

3. The analysis of the process of mitosis shows that the essential abnormality of 
haemopoiesis in pernicious anaemia is the inhibition of the cell capacity for division, 
resulting in the prolonged duration of mitosis, its decreased frequency and earlier 
cessation, with consequent differentiation at an earlier genealogical stage. 

4, These changes seem to be closely connected with the lack of the proper develop- 
ment of the nucleoli and possibly some pathological changes in the nucleic acids 
metabolism induced by.the insufficient supply of the haemopoietic principle. 

5. An attempt is made to explain and to correlate quantitative and morphological 
findings in bone marrow and blood on the basis of the observations made. 


The author is greatly indebted to Dr. A. C. Aitken (Mathematical Institute, Edin- 
burgh University) for advice on the statistical part of the work, and to Dr. J. Blyth 
for supervising the manuscript ; he also expresses his sincere thanks to Mr. G. R. Knight 
for his technical help during this work. 


REFERENCES. 


 Caspersson, T.—(1939) Chromosoma, 1, 147, 


Idem and Souvutrz, J.—(1940) Proc. nat. Acad. Sci., 26, 507. 

Cooke, N. E., anp Hi, C. F.—(1931) J. Roy. micr. Soc., 51 (2), 109. 

DamusHEK, W., AND VALENTINE, E. H.—(1937) Arch. Path., 23, 159. 

Dartineton, C. D.—(1937) ‘ Recent Advances in Cytology.’ .London (Churchill).—(1942) 
Nature, 149, 66. 

Davinson, L. 8. P., anD GULLAND, G. L.—(1930) ‘ Pernicious Anaemia.’ London (Kimpton). 

Gray, J—(1931) ‘ A Text-book of Experimental Cytology.’ Cambridge Univ. Press. 


119 





Japa, J.—(1942) Brit. J. exp. Path., 23, 272.—(1943) Ibid., 24, 73. 

Jones, O. P.—(1936) Proc. Soc. exp. Biol., 34, 694.—(1943) Arch. Path., 35, 752. 

Kouer, P. C.—(1943) Nature, 151, 244. 

Lewis, W. H., anp Lewis, M. R.—({1917) Anat. Rec:, 13, 359. 

Limarzi, L. R.—(1943) Amer. J. med. Sci., 206, 339. 

Love, J. W.—(1932) J. Lab. clin. Med., 17, 942. 

MOELLENDORF.—(1938) Schweiz. med. Wchschr., 19, 119. 

NAEGELI, O.—(1931) ‘ Blutkrankheiten und Blutdiagnostik.’ Berlin (Springer). 

Rour, K.—(1940) ‘ Das menschliche Knochenmark.’ Leipzig (Thieme). 

SEGERDAHL, E.—(1935) Acta med. Scand. (suppl.), 64, 5. 

Stranceways, T. 8S. P.—(1922) Proc. Roy. Soc., 94, 137. 

TempkKa, T., AND Braun, B.—(1932) Folia Haemat. (Leipzig), 48, 355. 

Wuirsy, L. E. H., anp Britton, C. J. C.—(1939) ‘ Disorders of the Blood.’ London 

(Churchill). 

_ Wrytrose, M. M.—(1942) ‘ Clinical Hematology.’ London (Kimpton). 

Wrieut, G. P.—(1925) J. Roy. micr. Soc., 414. 





THE ANTIBACTERIAL EFFECTS OF ANALOGUES OF VITAMIN K. 


P. ATKINS anp J. L. WARD. 


From the Research Laboratories of the Charterhouse Rheumatism Clinic, London, and the 
Research Department, Roche Products, Ltd., Welwyn Garden City, Herts. 


Received for publication February 27, 1945. 


THE effect of derivatives of 2-methyl-1 : 4-naphthoquinone and 2-methyl-1 : 4- 
naphthohydroquinone (analogues of vitamin K) on prothrombin formation and with 
it on the coagulation of blood is well known. That such substances exercise a signifi- 
cant action upon bacterial growth has been suggested more recently. According to 
Woolley and McCarter (1940) 2-methylnaphthoquinone is an essential growth factor 
for Johne’s bacillus. Schmidt and Biising (1942) and Pfannenstiel (1943) reported 
that the growth of Bact. coli, which is able to synthesize vitamin K, is promoted in the 
intestines by a synthetic naphthohydroquinone derivative, 2-methyl-1 : 4-naphtho- 
hydroquinone disuccinate. They claimed that bile, though enhancing the absorption 
of vitamin K, had a coli-solvent action which is neutralized by this substance. After 
Fosdick, Fancher and Calandra (1942) and Armstrong and Knutson (1943) had demon- 
strated that quinones generally inhibited acid production in a glucose-saliva mixture, 
Armstrong, Spink and Kahnke (1943) observed an antibacterial effect with 2-methyl- 
naphthoquinone, certain of its derivatives and other quinones on staphylo- and 
streptococci, but none on Bact. coli. Various quinones have been shown by other 
authors, such as Oxford (1942) and Oxford and Raistrick (1942) and Barber (1944) to 
possess antibacterial properties, and Page and Robinson (1943) have suggested that 
there is a connection between anti-staphylococcal activity and the redox-potentials of 
quinones. Finally, McIlwain (1943) has shown that the antibacterial effect of the 
bacterial pigment iodinin, possessing the structure of a di-N-oxide of a dihydroxy- 
phenazine, is antagonized by naphthoquinone and anthraquinone derivatives. 

The present investigations were confined to those naphthoquinone or hydroquinone 
derivatives known to have vitamin K activity, some of them being water-soluble, and 
were planned to examine further the in vitro effect on the growth of bacteria. 
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EXPERIMENTAL. 


In preliminary experiments a number of 2-methylnaphthoquinone and 2-methy]l- - 
naphthohydroquinone derivatives were tested against Staph. aureus, and one of them, 
the disuccinate, against a range of organisms. 


Comparative antibacterial activities. 


The substances were dissolved in 0-5 ml. ethyl alcohol and made up to 1 : 500 
dilution with water. In the case of phthiocol and the disuccinate of 2-methylnaphtho- 
hydroquinone, aqueous ammonia was used to dissolve the substances; 2-methyl- 
naphthoquinone and its diacetate formed fine, evenly distributed suspensions, so that 
serial dilutions were possible. The medium was 2 per cent. glucose broth, and the 
inoculum one loop of a 24-hour culture of Staph. aureus (N.C.T.C. 4163). 


TABLE I. Dilutions. 


| 


| 1/16,000 
| 1/64,000 
| 1/128,000 


2-Methyl-1 : 4-naphthoquinone ‘ : 
2-Methyl-1 : 4-naphthohydroquinone _ diace- 
tate . ‘ ‘ i ‘ : . 
2-Methyl-i : 4-naphthohydroquinone di- 
phosphate tetrasodium salt (‘“Synkavit’’) 
2-Methyl-1 : 4- naphthohydroquinone disuc- 
cinate (“‘ Synkavit ”’) . 
2-Methy1-3-hydroxy-1 : 4- ‘naphthoquinone 
(phthiocol) ; =  — +t Ft + 
2-Methyl-1 : 4- -naphthoquinine- 2: 3- oxide - —- = 


-+ = direct visible growth; -| = weak growth; — = no visible growth. 


° 


+ + 
+ + 


++. +c +. +. . +1)256000 


he bs + 


Organisms examined. 


The following antibacterial activities against various organisms were noted. with 
2-methyl-1 : 4- -naphthohydroquinone disuccinate, dissolved in a buffered sodium 
phosphate solution of pH 7 in trypsinized meat infusion broth in a concentration of 
50 mg. per 100 ml. (1 : 2000). 

In a dilution test using 2 per cent. glucose broth as medium, and 10-* loop of Bact. 
coli (N.C.T.C. 86) as inoculum, growth was shown in the presence of methylnaphtho- 
hydroquinone disuccinate at a dilution of 1 : 6400, whereas Staph. aureus (N.C.T.C. 
4163) under the same conditions was still completely inhibited. 


Limiting concentrations. 


In order to compare more closely our results with those of the American authors, 
and to obtain greater insight into the role played by the vitamin K analogues in the 
interference of normal bacterial metabolism, the sees experiments were carried 
out. 

The limiting concentrations of our series of methyinaplitiioquingns derivatives 
were established by using molecular quantities on the basis of 2-methyl-1 : 4-naphtho- 
quinone. The technique was that employed by the American authors, with the slight 
modification that instead of a total volume of 10 ml. in flasks, 5 ml. in test-tubes was 
used, and the tubes were shaken for a few seconds every 20 minutes for the first four 
hours, instead of continuously. 
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Species, 
Staph. aureus 
» albus 
Pneumococcus 
Strep. viridans 


> 


mutans ‘ 
faecalis zymogenes 
faecalis ‘ 


Bd 


. coli 
asiaticum 
ep. jaundice 
» enteritidis (Gaertner) 

Salmonella morgani No. 1 
Bact. acidi lactici . 
B. subtilis Type 1 
B. subtilis Marburg 
Ps. pyocyanea . ; 
Chromobact.iodinum . 


-+- = direct visible growth ; 
* Identifications based upon morphological and biochemical reactions for the identification of non- 


TABLE IT. 


haemolytic streptococci by Thomson (1927) and Crowe (1927). 


(4) Against Staph. aureus (N.C.T.C. 4163) : 


2-Methyl-1 : 4-naphthoquinone 
2-Methyl-1 : 4-naphthohydroquinone 
* diacetate 
” tat % disuccinate 
re a diphosphate 
tetrasodium salt . 

2- Methyl- 3-hydroxy-1 : 4- -naphtho- 
quinone 

2-Methyl-1 : 4- naphthoquinone 2: 3- 
oxide 


(B) Against Bact. coli (N:C.T.C. 86) : 


2-Methy!-1 : 4-naphthoquinone ‘ 
2-Methyl-1: 4- acute eit 
disuccinate 


TABLE ITI. 


In presence of 
disuccinate. 


ao 


Bn ee 


+1 ++++4+44 | 


— = no visible growth. 


Control. 


FHAEHEHEHHEFH HP H+++ +++ + 44444 


Minimum concentrations required for complete inhibition 


Mg. subst./100 ml. 
24 hours. 48 hours. 


0-5 .. 0-75 


>7°5 


>7°5 
1:09 . 1-09 
4 


>15- >15-4 
Ore! cs >5-4 


1-08 


10 


. 43-5-217-5. 


122 


of growth. 


Tnoculum/ 


Mols. per 100 ml. times 10°. 5 ml. 


24 hours. 


2-9 


>29-0 
2-9 


>29-0 
>29-0 
2-9 


58 
116 


48 hours. 


4-35 


>29-0 
2-9 


>29-0 
>29-0 


5-8 


58 


116-580 


13,500 


8,100 
13,500 


8,100 
13,500 


. 13,500 


13,000 


13,000 
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Importance of the naphthoquinone residue. 


In order to demonstrate the activity of the naphthoquinone residue in the diphos- 
phate derivative, experiments were carried out after treatment with phosphatase, 
prepared from hog’s intestine according to Hawk and Bergeim (1938). 

A 1: 400 solution of 2-methyl-1 : 4-naphthohydroquinone diphosphate tetra- 
sodium salt was divided into two parts. To one part was added an equal volume of 
phosphatase extract and to the other distilled water. Both were adjusted to pH 8-5 
with phenolphthalein, a drop of chloroform added, and incubated at 37° for 24 hours. 
The diphosphate control solution was Seitz-filtered, and the solution containing phos- 
phatase divided into two portions. One was used without filtration in the ensuing 
antibacterial test, and the other was filtered through a Seitz, which removed a small 
amount of the colour (possibly naphthoquinone) developed during incubation. Then 
the following dilution series was set up against Staph. aureus. (N.C.T.C. 4163) (8-6 x 
10° organisms/5 mls. of a 24 hour culture), the range covered extending from 25 mg./ 
_ 100 mls. to 0-125 mg./100 mls., expressed as 2-methyl-1 : 4-naphthoquinone. 


TaBLeE IV. 
Minimum concentration required for complete 
inhibition of growth. 


ee 
Mg./100 ml. subst. Mols. per 100 ml. times 10', 


a 


: 24 hrs. 48 hrs. 24 hrs. 48 hrs. 
2-Methyl-1 : 4-naphthohydroquinone di- 
phosphate tetrasodium salt ; ~ Feed 74-4 . 145 145 
Ditto + phosphatase (Seitzed) = . +61 wa. 8 17-4 
Ditto + phosphatase (not Seitzed) ‘ 3°04 3°04 . 5-8 5:8 


2-Methyl-1 : 4-naphthohydroquinone disuc- 
cinate : ° ° : 


1-09 2-18 . 2-9 5:8 


Seitzed phosphatase extract itself was inactive in a 1:5 dilution, the highest 
concentration reached in the tests. 


DISCUSSION AND CONCLUSIONS, 


_ From Tables I and ITI it can be seen that the findings of Armstrong et al. (1943) 
have been fully confirmed. When the range of organisms was considerably increased 
it was found (Table IT) that Gram-negative bacteria were less susceptible to vitamin K 
analogues, and even certain Gram-positive organisms shared this resistance ; among 
them were a representative of the Strep. faecalis group and two streptococci, usually 
associated with dental infections—cf. Fosdick et al. (1942). 

That the antibacterial activity is dependent on available free naphthoquinone is 

shown by the relatively low activity of the stable acetic and phosphoric acid esters 
of 2-methylnaphthohydroquinone, whereas the succinic acid ester, which is known to 
be readily hydrolysed in aqueous solutions, possesses the full activity of the quinone. 
This was borne out by an observation that the phosphoric ester, when previously 
hydrolysed in the presence of phosphatase, showed the same degree of activity. 
_ So far the antibacterial activity of these compounds has only been investigated 
im vitro, and it remains to be seen whether they possess, in addition to their known 
vitamin K action, a- bacteriostatic effect in vivo. Certain experiments are in hand 
which attempt to elucidate the interaction between these K analogues, bile and Bact. 
coli, and also the underlying mechanism of their effect on the growth of bacteria. 
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SUMMARY. 


1, Previous observations on the antibacterial activity of certain vitamin K analogues 
have been extended. 

2. Gram-negative organisms and a few streptococci appeared less susceptible than 
the majority of Gram-positive organisms. 

3. In the case of 2-methyl-naphthohydroquinone, only the unstable disuccinate 
shows. full activity, whereas the diphosphate, for instance, produces full activity after 
enzymatic dephosphorylation. 


Our thanks are due to Drs. F. Bergel, H. Coke, J. H. Harrison and A. L. Morrison 
for their interest and advice. 
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In 1933 Duran-Reynals showed that cell-free autolysates and extracts of staphylo- 
coccal and streptococcal cultures contained “spreading factors” similar in their 
actions on tissue permeability to those already obtained from mammalian testes 
(McClean, 1930; Hoffmann and Duran-Reynals, 1931). Chain and Duthie (1940) 
reported that the spreading factors found in testicular extracts, certain bacterial 
filtrates and snake venoms, all destroyed the viscosity of the hyaluronic acid present 
in synovial fluid and vitreous humour, and concluded that these factors should be 
regarded as hyaluronidases. McClean (194la) and Duran-Reynals (1942) have sug- 
gested that these enzymes play an important part in the infective process by spreading 
the organisms and their toxic metabolic products over a wide area and by rendering 
the hyaluronic acid available as a metabolite. It has been shown that hyaluronidase 
is produced, often in large amounts, by a number of pathogenic organisms, such as 


124 





logues 
> than 
cinate 


7 after 


yrrison 


3, 230. 
natism 


uondon 


PER. 


‘ouncil 


yphylo- 


n their 
— testes 

(1940) 
acterial 
present 
yuld be 
ve sug- 
reading 
ndering 
onidase 
such as 


Cl. welchit, Cl. septicum and Str. pneumoniae (McClean, 1936), and by some strains of 
haemolytic streptococci in Groups A, B, C, G and L (McClean, 19410, c). 

The association between virulence and the hyaluronidase production of staphylo- 
cocci was indicated by the work of Duran-Reynals (1933). ‘Assessing the “‘ invasive- 


ness.” of his staphylococcal strains by the size of the lesions produced in the skin of 


rabbits following intradermal inoculation of bacterial suspensions, he demonstrated a 
direct relationship between the amount of spreading: factor present in the culture © 
filtrate and the invasiveness of the strain. 

In a survey of 32 representative strains of Cl. welchii, McClean and his co-workers 
(1943) found that 10 out of 12 strains derived from gas-gangrene cases produced 
hyaluronidase, while 16 of 18 apparently harmless contaminants were hyaluronidase- 
negative. Similarly, Keppie‘and Robertson (1944) observed that the ability to produce 
hyaluronidase was not shared by all strains of Cl. welchii, but noted that 5 out of 7 
gas-gangrene strains produced large amounts. However, Evans (1943a, 1943b) has 
shown that the ability of a strain. of Cl. welchii to produce gas-gangrene depends almost 
entirely upon the presence of the «-toxin, and confirmed the observation of McClean 
et al, (1943) that a strain lacking hyaluronidase can produce gas-gangrene in the experi- 
mental animal. He was able to prevent the onset of gas gangrene in guinea-pigs 
inoculated with a virulent strain of Cl. welchii by the administration of «-antitoxin, 
but found no difference, either in the course of the infection or in the mortality-rate, 
between animals receiving antihyaluronidase and those receiving no antiserum at all. 
McClean and Rogers (1943) make an interesting observation in this respect: in 
experimental gas gangrene they found that, while the addition of testicular hyaluroni- 
dase to a lesion caused by a non-hyaluronidase-producing strain of Cl. welchii resulted 
in an extension of the exudate and an alteration in the character of the infection, no 
significant decrease in the survival time occurred. Thus the position of hyaluronidase 
in relation to the virulence of Cl. welchii is still in doubt. . 

Hyaluronidase production has also been studied in the light of its possible relation- 
ship to virulence by Crowley (1944), who found that, among Group A streptococci, 
hyaluronidase was formed only by types 4 and 24, neither noted for its exceptional 
virulence ; and by Humphrey (1944), who concluded that hyaluronidase production 
was not a major factor in determining the virulence of pneumococci. 

We have studied the hyaluronidase production of staphylococci and attempted 
to correlate it with pathogenicity for man, and to compare it. with coagulase and «- 
lysin production as an indicator of potential pathogenicity. 


MATERIAL AND METHODS. 
Source of strains. 


Kight hundred and fourteen strains of staphylococci and micrococci from human 
sources were examined for the production of coagulase, «-haemolysin and hyaluroni- 
dase. Of these, 654 strains were coagulase-positive ; 484 of them were isolated at 
the M.R.C. Wound Infection Unit, Birmingham Accident Hospital (R.E.O.W. and 
G. J. H.), and 170 at two E.M.S. Laboratories in Hertfordshire (H. 8. and A.C. C.). 
The strains fall into two main categories, according to thé source from which they 
were obtained : those from the apparently healthy epithelium of the nose, throat or 
skin, sampled in epidemiological surveys, and those isolated from manifest infections 
inman. In Birmingham, all the 244 strains falling into the latter group were recovered 
from wounds, and have been classified (see Tables) according to the character of the 
wound from which they were obtained. The term “ silent infection ” refers to wounds 
that appeared clinically to be healthy and in which infection was revealed only by 


125 





bacteriological examination ; “fresh wounds” were those swabbed within 6 hours 
of the injury and similarly showed no signs of sepsis. In the Hertfordshire series 84 
strains were isolated from clinical infections, which included most of the common 
staphylococcal lesions : furuncles, impetigo neonatorum and other skin lesions, osteo- 
myelitis, otitis media, naso-pharyngitis, cystitis, wound infections, and one case of 
bacteraemia. Two strains isolated from nurses’ aprons during an outbreak of impetigo 
neonatorum have been included under the heading of “ skin.” 

Of the 160 coagulase-negative strains, 120 were isolated from wounds, 36 from the 
nose or throat, 3 from skin, and 1 from an acneiform pustule. 


Technique. 


Coagulase was detected either by the slide method (Cadness-Graves et al., 1943), 
or by inoculating broth containing 1 : 25 citrated human plasma either directly from 
a surface colony, or with 5 drops of an overnight broth culture. Readings were made 
after incubation at 37° C. overnight ; strains negative by the slide method were always 
retested in plasma broth. We determined «-haemolysin production by the method 
of Gillespie, Devenish and Cowan (1939); the strains were grown in air containing 
30 per cent. CO, for 48 hours and tested against rabbit red cells, a control containing 
potent antitoxin being included for each strain. 

Hyaluronidase was estimated in the supernatant fluid froin a centrifuged 24-hour 
broth culture by the Mucin-Clot Prevention (M.C.P.) test of McClean et al. (1943). 
Nutrient broth containing 0-3 per cent. of crude ammonium salt of hyaluronic acid 
was used for the Hertfordshire strains, since McClean and Hale (1941) showed that 
hyaluronidase production of Cl. welchii is enhanced by the addition of hyaluronic 
acid to the medium used for growth. At Birmingham, 24-hour cultures of the staphylo- 
cocci in plain nutrient broth were titrated without centrifuging. A comparison of 
the Hertfordshire and Birmingham results does not show any evidence for an enhance- 
ment of hyaluronidase production induced by the presence of hyaluronate in the 
culture medium, and comparative titrations of 15 strains gave no higher M.C.P. titres 
in the enriched medium. In this connection it may be noted that Rogers (1944) 
found no significant difference between the M.C.P. titres of either of two strains of 
staphylococci after growth in his protein- and peptone-free basal medium, and in the 
same medium enriched by the addition of hyaluronate, though in these circumstances 
hyaluronidase production by Cl. welchii and haemolytic streptococci was greatly 
enhanced. 

The specificity of the hyaluronidase produced by 158 hyaluronidase-positive 
Hertfordshire strains was established by neutralization tests with a staphylococcal 
antiserum, 1 ml. of which neutralized 10,000 M.C.P. doses of enzyme. 


RESULTS. 
Association of coagulase, «-haemolysin and hyaluronidase production. 


Table I illustrates the hyaluronidase and «-haemolysin production of 654 coagulase- 
positive and 160 coagulase-negative strains. Five hundred and sixty-seven (86-7 per 
cent.) of the coagulase-positive strains produced both «-lysin and hyaluronidase ; 45 
(6-9 per cent.) were hyaluronidase-positive and a-lysin-negative ; 29 (4:4 per cent.) 
were hyaluronidase-negative and «-lysin-positive; while 13 (2 per cent.) showed 
neither activity. No less than 93-6 per cent. of the coagulase-positive strains from all 
sources were hyaluronidase-positive and 91-1 per cent. produced «-lysin. None of 
160 coagulase-negative strains produced either «-haemolysin or hyaluronidase. It 
seems, therefore, that the production of coagulase, a-haemolysin and hyaluronidase 
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TaBLE I.—Association of Coagulase, «-Haemolysin and Hyaluronidase Production by 
; Staphylococci. 


Number of 


Source of strain. strains. 


Total Total Total 
H+. L+. “deficient.” 
(a) Coagulase-positive strains. 
. Nose and throat . . 180 

|, Sea ‘ . . 146 
. Wounds—fresh ; «67 


1 93-3 
2 

3 

4. Wounds—silently infected 83 

5 94 

6 


87- 

91-0 
96-4 
98-9 
97-6 


QO =1 00 
ODD 


COwWorE 
—e— DS 


. Wounds—septic : 
. Other clinical infections . 84 


bo W141 
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Total, 1-6 . -.. . 654 


—_ 
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Clinically uninfected . 91-8 
(Total, 1-4) 

Clinically infected ie . 178 
(Total, 5 and 6) 
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(b) Coagulase-negative strains. 
Various. . ; . 160 . | eee eee ere! ares | alee Senet a 
H = hyaluronidase production ; L = «-haemolysin production. 


are very closely associated. Coagulase-positive strains failing to produce hyaluro- 
nidase or «-haemolysin, or both, are referred to below as “ deficient” to distinguish 
them from “ complete ’’ strains producing all three. Only 3-4 per cent. of the strains 
isolated from clinical infections were deficient, as compared with 13-9 per cent. and 
23-9 per cent. of the strains derived from routine samples from the nose and throat, 
and skin respectively. 

Taking as a standard of virulence the production of manifest infection in wounds, 
we can compare the staphylococci from those established wounds which did not, and 
those which did, show signs of sepsis (“silently infected ’’ and “ septic ’’ wounds— - 
4 and 5—in Table I). The wounds in the two groups were not in all cases strictly 
comparable, but it seems to us likely that the organisms isolated from the frankly 
septic wounds were, on the whole, more virulent than those that failed to produce 
manifest sepsis in wounds. Of the staphylococci from septic wounds 1-1 per cent. 
were deficient, compared with 15-7 per cent. of those from silently infected wounds— 
a finding in keeping with the hypothesis that deficient strains are in general less virulent 
than complete ones. Closer examination of the data, however, reveals that the defi- 
ciency of these strains lay in the absence of «-haemolysin production rather than in 
that of hyaluronidase production, for the percentage of hyaluronidase-producers in 
the silently infected wounds (96-4) differs from that in septic wounds (98-9) by a statisti- 
cally insignificant amount (x? = 0-40, P = about 0-5), whereas the corresponding 
percentages for «-haemolysin production, 100 and 87-9, differ significantly (x? = 9-85, 
P = less than 0-01). 


Hyaluronidase titre and source of strain. 

Table II shows the M.C.P. titres of the 654 coagulase-positive strains: 35-6 per 
cent. of strains from all sources gave titres between 1/91 and 1/270, and 14-7 per cent. 
titres over 1/270. In comparing the silently infected with the septic wounds (Groups 
4 and 5), or the total “ non-septic ” (Groups 1-4) with the “ septic”’ (Groups 5 and 6), 
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TaBLE IIl.—Hyaluronidase Titres of Coagulase-positive Staphylococci. 
eestor of Percentage showing M.C.P.: titres. 


Source of strain. stradans. 


| 
_ 


i 6 &ameeut 


11-30. 31-90. 91-270. 
16°7°.. -T7-8: °,.: (37-8 
BG AS aS 
10-4 . 25:4 . 32-8 
20°5. . 14:4 . 35-0 
TED. ek SEB 
IPS ae ES 2 


15-6: . 17-9 -. 366 
14:9 . 16:6 . 36:5 
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Skin 3 ; ‘ . 146 
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. Other clinical infections . a 
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we find that a slight but significantly greater amount of hyaluronidase was produced 
by the strains isolated from diseased tissues ; by the x? test, !’ = 0-05 in the first, 
and P = 0-001 in the second comparison. . The differences were most marked in the 
low titre groups; for example, 15-7 per cent. of the strains isolated from silently 
infected wounds gave titres of 1 ae or less, as compared with 3-2 per cent. of strains 
derived from septic wounds. 


DISCUSSION. 


It seems that hyaluronidase production may take its place with ssaaiieie and 
a-lysin production as one of the more constant characteristics of staphylococci isolated 
from infective lesions in man. Nevertheless, 13-3 per cent. of our 654 coagulase- 
positive strains were deficient, in that they did not show all these features ; only 
3-4 per cent., however, of the strains isolated from clinical infections were deficient 
compared with 17-0 per cent. of those from the nose and throat, skin, and wounds 
showing no-signs of sepsis. The fact that a microbe is isolated from normal tissues 
does not necessarily indicate that it is unable to produce disease, i.e. is non-pathogenic, 
for work done in Birmingham, as yet unpublished, has shown that many wounds do 
in fact become infected by staphylococci carried on. normal skin, and the same is 
probably true of nose and throat strains. In this connection, Devenish and Miles 
(1939) described how the carriage of Staph. aureus on a surgeon’s hands was associated 
with a high incidence of suppuration in “clean ’’ operation wounds. We are not, 
therefore, suggesting that our strains from non-septic sources are all avirulent, or 
even of relatively low virulence, but we do hold that, given a sufficiently large sample, 
a greater proportion of virulent strains will be found among the staphylococci isolated 
from manifest clinical infections than among those isolated from normal carrier sites. 
With this assumption, the evidence we have presented suggests that there is a close 
association between virulence and «-haemolysin production, and that the former is 
associated to a considerable extent with the capacity to produce hyaluronidase, and to 
a lesser extent with the amount of hyaluronidase produced under standard conditions 
in vitro. 

Further work is needed before we can come to a final decision on the part played 
by hyaluronidase in determining the virulence of an organism, for though there is 
evidence of a certain relationship between-the in vitro production of hyaluronidase 
and the virulence of Staph. aureus and Cl. welchit, recent surveys of haemolytic strepto- 
cocci and pneumococci have failed to show any such association. Crowley’s finding, 
that among Group A streptococci hyaluronidase production is limited to two of 
Griffith’s types, strengthens our tentative belief that though hyaluronidase production 
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is often associated with virulence, it is not a major factor in determining the virulénce 
of an organism. . 

It is clear that the coagulase test is the most inclusive of the three tests for deter- 
mining the potential pathogenicity of strains of staphylococci. We have no means, 
however, of judging whether it is too inclusive—that is, whether it is a property of — 
strains that should not be included in the category of potential_pathogens. Ifa more 
exclusive property is required, «-lysin production appears to be the most clearly 
associated with pathogenicity in man. (We have had no opportunity to inquire into 
the Panton-Valentine (1932) leucocidin.) 


SUMMARY. 


We have tested 814 strains of staphylococci and micrococci from healthy carrier 
sites and clinical infections, mostly wounds, for the production of coagulase, «-haemo- 
lysin and hyaluronidase. 

None of the 160 coagulase-negative strains produced «-lysin or hyaluronidase ; of 
the 654 coagulase-positive strains, 86-7 per cent. were hyaluronidase- and «-lysin- 
positive ; the remainder were “ deficient ’’ in some respeet—4-4 per cent. were hyalu- 
ronidase-negative and «-haemolysin positive, 6-9 per cent. were hyaluronidase-positive . 
and «-haemolysin- -hegative, and 2 per cent. were both hyaluronidase- and «-haemo- 
lysin-negative. 

There was a larger proportion of “ deficient ” strains among those isolated from 
normal carrier sites and from clinically healthy (‘‘ silently infected”) wounds than 
among those from cases of frank sepsis, and it is suggested that virulence is associated 
fairly clearly with «-haemolysin production, and to some extent with hyaluronidase 
production. It is not yet clear what part hyaluronidase plays in determining the 
virulence of a strain of Staph. aureus. 


We wish to acknowledge our indebtedness to Dr. H. J. Parish for the staphylococcal 
antitoxin used in the haemolysin tests; to Dr. D. McClean for his advice and the 
provision of the staphylococcal antihyaluronidase serum; and to Prof. A. A. Miles 
for his help and criticism. 
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Or the numerous methods recommended for the production of staphylococcal 
lysins, the most widely used is that of Burnet (1930), in which the organisms are grown 
in shallow layers of semi-solid agar exposed to a mixture of CO, and O,. At the end 
of one to three days the agar is chopped, extracted and filtered. This filtrate contains 
the active toxins (see Burnet, 1930, 1931, and Fulton, 1943). 

Recently, Casman (1940) has resorted to continuous aeration of the cultures either 
by rocking or by passing a continuous gas mixture through them, and has obtained 
yields of lysin within twenty-four hours in rocked cultures equal to those obtained by 
the semi-solid agar technique. Some years ago one of us (E. 8. D.) found that a similar 


high yield occurred in the case of other bacterial toxins, and that, in the case of both 
« and 8 staphylococcal lysins, the non-dialysable residue:-was much less than was 
obtained by the agar method: Since high yields of toxin have considerable general 
importance for purification studies, we have investigated some of the relevant factors, 
and have made a few investigations on other organisms. In addition, various strains 
of Staphylococcus aureus have been investigated with special reference to their entero- 


toxin production. 


METHODS. 
(a) Culture media used. 
Three methods of cultivation of Staphylococcus aureus were investigated, and the 
production of « and 8 lysins compared. 


(1) Incubation on soft agar at 37° C. Medium 0-8 per cent. agar + heart 
broth buffered at pH 6-8. In 40-oz. medical flats. 

(2) Walbum’s (1922) fluid medium used by Burnet (1930). Incubated at 
37° C. Buffered at pH 6-8. In 6-oz. medical flats, fitted with rubber bungs 
through which pass plugged glass tubes sealed by a rubber cap. Without 
agitation. 

(3) As (2), but with agitation. 

Where a gas mixture was used, as shown in the tables, the atmosphere in all cases 
was 80 per cent. O,, 20 per cent. CO,—a mixture found by trial and error to yield the 
best results. All inoculated with 1 ml. of an 18-hour culture. 


* Receiving expenses from Government Grant Committee of the Royal Society (London). 
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(b) Rocking or shaking devices. 2 

Of the many methods available, the simplest is that of placing the cultures in small 
Ehrlenmayer flasks, near the edge of a light wooden turntable, on a gramophone motor 
set at an angle of about 60° to the vertical. This has the advantage that it can be 
placed inside .a small incubator. Casman has used a see-saw rocking table placed 
inside the incubator and operated by a motor placed on top and outside. In the 
majority of our experiments we have used a horizontal table with an eccentric thrust 
of about 3 in. and placed in a room at 37° C. There was no appreciable difference 
between results obtained by any of these methods provided that the degree of agitation 
was sufficient to keep the bacteria continuously suspended and without frothing of the . 
surface layer. Casman found that the results obtained by bubbling were inferior to 
those obtained by rocking, probably because of surface denaturation of the toxin, 
Thus it is most important that the apparatus used for agitation should have a smooth 
and regular action. 


(c) Extraction of soluble toxins. 


Soluble products were, extracted from the soft agar at 12-hourly intervals, the 
appropriate number of bottles being set up to cover a period of 6 days. .The method 
of extraction was to add 15 ml. of normal saline to the culture to be harvested and to 
shake until the semi-solid agar had been thoroughly broken up. This was then 
filtered through coarse filter-paper and centrifuged at 7500 r.p.m. for 15-20 min. in 
order to throw down all staphylococci. 

At first the supernatant fluids were Seitz- filtered, but this procedure was subse- 
quently replaced by filtration through Gradocol membranes of 0: 64u porosity, as it was 
found that the Seitz pads absorbed a variable.and in many cases a considerable quantity 
of the lysins and enterotoxin. This has also been found by investigators working 
on staphylococcal coagulase (Smith and Hale, 1944). 

On the fluid media, whether agitated or not, 3-hourly estimations of « and @ lysins 
could easily be made-by withdrawing 5-ml. quantities from the bottles and centri- 
fuging till the supernatant fluid was free from cocci. These small quantities were 
centrifuged at 7500 r.p.m. only and titrated without oe filtration. 


(d) Method of estimation of « and £ lysin. 

« lysin was estimated by allowing various dilutions of the supednatant fluid to act 
upon an equal volume of a 2 per cent. suspension of washed rabbit cells obtained on 
the day on which the estimation was to be made. The mixture of the cells and fluid 
to be titrated was kept in a waterbath at 37° C. for 1 hour, and the « lysin titre was 
read immediately afterwards.. The 8 lysin, which acts only on sheep cells, was titrated 
in a similar way, but the period of 1 hour at 37° C. was followed by 18 hours at 4° C. 
(Bigger, Boland and O’Meara, 1927). In strain C.13344, which possesses high titres 
of both « and § lysin, the « lysin was neutralized by an nti-« serum and the 8 lysin 
was estimated as above. Estimations were made as soon as the tubes were taken from 
the ice chest. All estimations of « and 8 lysin are expressed in terms of the final toxin 
dilution giving 50 per cent. haemolysis of 1 ml. of the resulting 1 per cent. red cell 


’ suspension (= $ M.H.D.). 


(e) Counting organisms. 

Total counts of bacteria were carried out in a haemocytometer counting chamber 
and by turbidimetric measurements made with a Spekker photometer. Results given 
in Table I are a computation of the two methods, since it was found impossible to 
obtain accurate counts of resting staphylococcal cultures owing to the tendency of the 
organisms to form clumps. 
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(f) Strains of Staphylococcus aureus examined. 


Wood 46 : 

C.13344 (a) >Kindly supplied by Dr. F. Fulton. 

Jordan 7 ‘ 

C.13344 (b) Stock culture. 

859 

923 ; 

Both strains of (.13344 were identical in lysin production, but strain (b), on first 
subculture from the stock, when tested against two separate groups of human volun- 
teers produced characteristic symptoms of staphylococcal food poisoning ; on further 
subculture, however, this enterotoxigenicity was lost, and has not been regained. 


| Isolated from staphylococcal food poisoning outbreaks in 1944. 


RESULTS. 


Numerous experiments were carried out with various strains of Staphylococcus 
aureus, which amply confirmed the favourable effects on toxin production of continuous 
agitation. and addition of various mixtures of O, and CO,. . Representative experiments 
are summarized in the tables. Table I shows that agitation together with the use of 
a gas mixture of 80 per cent. O, and 20 per cent. CO, appreciably increases the final 
bacterial population of which a high proportion is viable. In addition, the yield of: 

a lysin and lethal toxin is higher than by the use of agitation or, the given gas mixture 
alone ; and this was also found to be the case when in another series of experiments, 
not recorded, estimations were made of the titre of skin-necrotic toxin using the skin 
of the guinea-pig. 


TABLE I. —hilfect of Continuous Agitation and Use of Gas Mixtures on Growth and Toxin 
Production of Wood 46 in Heart Broth over 24 Hours. 

Culture at rest. . : Culture agitated. 

Air. 80 per cent. O,. Air. 80 per cent. CO,. 

20 per cent. CO,. 20 per cent. CO,. 
Total count in millions per ml. i ae 1900 . 6300 . 7200 
Viable count in millions per ml. 516. 735 . 1850 . 3740 
« lysin titre as 4 M.H.D. rabbit cells. 300 . 800 a ee 9000 
Mouse M.L.D. perml. . : : a 4 ‘ = 40 


Table II shows the times taken to reach maximum yields of « and @ lysins under 
the various conditions of growth described. 


TaBLE II.—Mazximum Yields of Lysins Expressed in Terms of 4 M.H.D. per ml., Using 
the Gas Mixture 80 per cent. O, and 20 per cent. CO,. 
Strains Medium, oe Tee 6k 
859 Semi-solid agar ; 30 : 6 ‘ 72 
Still fluid : 40 : 15 . 60 
Shaken fluid , ’ 40 ° 
923 Semi-solid agar . ; 6 
Still fluid , ; 15 
Shaken fluid ; ; 60 
Semi-solid agar’ ‘ ; 15 
Still fluid ' ' 20 
- Shaken fluid . : 100 





Table III gives the separate results, summarized at 12-hourly intervals, of « and 8 
lysin-production by the strain C.13344. 


TABLE ITI.—Time of Maximum Production of Haemolysin Using the Gas Mixture 80 
; per cent. 0, and 20 per cent. CO,. 


Strain a Lysin. ® Lysin 


y 
(.13344(a). 4 M.H.D. per ml. 3 M.H.D. per ml. 


Time Fluid medium. 


te Semi-solid ee ‘Semi-solid - = : 
hours). medium. Still. "Agitated. medium. Still. . Agitated. 
2 s ‘ 20 
Le aire . 120 
1200—( a . 480 
640 , 3 . 2400 
320 ‘ ‘i . 1200 
5 - 160 . : a 640 
10 : 20 ; 80 F % i ; 320 
20 ‘ 40 s 60 ‘ ‘ 120 
ee Set.” ee Tae ; ee 
120 : 80 - 60 R 20 je P ‘ 20 
ms. 40 ; 40 A 10 : . j ; 2 
144 ee | F 20 : — ‘i aa ‘ — 
156 - 20 ‘ 10 es — ‘ 40 4 ‘ — 


Each time a sample was extracted from the bottles containing fluid media, the 
atmosphere over the culture was reduced by a Geryck pump to a negative pressure of 
600 mm. Hg and replaced by a mixture of 20 per cent. CO, and 80 per cent. O,. 

Activity of « toxin.—« lysin having an activity of 9.000 4 M.H.D. per ml. was dia- 
lysed against M/100 acetate buffer at pH 5-0 for 16 hours, and centrifuged. The loss 
was about 10 per cent. Non-dialysable material in the supernatant was 2-5 mg. 
per ml. dry weight and yielded the following activity : 

1 M.H.D. equivalent to the amount of toxin giving complete lysis of 1 ml. of a 
1 per cent. suspension of rabbit cells at 37° C. in 1 hour = 1-25 ug. 

4°M.H.D. giving 50 per cent. lysis.under the same conditions = 0-25 yg. 

1 mouse minimum lethal dose = 60 ug. 

1 skin necrotic dose (guinea-pig) = 40 ug. 


Enterotoxin. 


In view of the marked increase observed in the production of « and #6 lysin by 
agitation in an atmosphere of 80 per cent. O, and 20 per cent. CO,, it was decided 
to investigate the effect of this method on the production of enterotoxin.. For this 
purpose human volunteers were used to test the toxicity of the extracts thus produced 
in view of the absence of any satisfactory in vitro or animal test. 

Extracts which were found by the human volunteer tests to produce the classical 
symptoms of staphylococcal food poisoning were also fed to kittens, and the effect 
compared with that produced by administration in equal volumes of extracts having 
high « and @ lysin titres, but which had failed to produce symptoms in man. The 
kitten feeding test was tried in order to determine whether the symptoms produced 
bore any relation to enterotoxigenicity of the extracts in view of Fulton’s (1943) 
observation that the vomiting and diarrhoea produced on intraperitoneal adminis- 
tration is a manifestation of the presence of @ lysin. 
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Six male and female volunteer undergraduates and one of the writers (J. A. H. W.) 
were selected, all of whom had been shown to be sensitive to the classical entero- 
toxigenic strain Jordan 7. Each was given 2-5 ml. of the cell-free supernatant from 
each of the different strains tested, using first the soft agar extract and a week later 
that from the shaken culture. The small dose was used with a view to avoiding the 
severer manifestations of staphylococcal food poisoning. The symptoms produced, 
comprising nausea, slight retching, vertigo and epigastric pain coming on 2-3 hours 
after taking the filtrates on an empty stomach, were followed in two out of the four 
positive cases by diarrhoea 6-8 hours later. These symptoms were considered to 
be sufficiently characteristic of the syndrome produced by the classical staphylococcal 
enterotoxin. 

Of the unheated extracts of the seven strains of staphylococci tested by the human 
volunteer tests, four produced symptoms of, as far as could be judged, equal severity 
in man whether or not the incubating cultures were agitated. -These four were Jordan 
7, C.13344 (b), 859 and 923. Wood 46 and C.13344 (a), whether shaken or not, failed 
at the peak of their production of « and 8 lysin to produce symptoms in the volunteers 
to whom they were fed. 

Jordan (1930) found that although the enterotoxin was stable at 100° C., it was 
greatly diminished or wholly destroyed by heating at 60° C. for 30 minutes ; we were 
able to confirm this, and those extracts which had produced the above described 
symptoms failed to produce any effect at all on being heated at 60° C. for 30 minutes. 
Further, this treatment greatly diminished the « lysin, but only slightly affected the 
6 lysin. 

From this small number of observations it is suggested that agitation does not 
influence the production of enterotoxin. In view of the marked increase in « lysin 
production it is further suggested that these two substances are distinct, which is in 
conformity with the conclusions of Dolman (1944), who isolated an enterotoxigenic 
strain of Staphylococcus aureus producing no titratable’« lysin. 

Kitten feeding tests —All shaken extracts, subsequent to the presence or absence of 
enterotoxin being determined by human ‘volunteer tests, were fed to kittens in 10 ml. 
quantities. It wes found that, though stronger toxins were necessary to produce 
diarrhoea and vorziting by this method than by the intraperitoneal inoculation method 
used by Fulton (1943), our results corresponded closely with his in that it appeared 
to be the 8 lysin which produced the symptoms in the heated extracts. Unheated 
extracts in which the « lysin is present produce symptoms it in kittens irrespective of the 
presence of enterotoxin. 


TaBLE IV.—Effect of Feeding Kittens with Staphylococcal Filirates. 
Kitten test. 
—— tlie eee eeeeeceieeee ene 
Strain. Heated (60° C. for 30’). Unheated. 


—=_ —o —re—_=—_e—— 
Shaken. ’ Unshaken. Shaken. Unshaken, 
C.13344 (enterotoxigenic)* . aoe ' ++ 
C.13344 (non-enterotoxigenic) oe i + 
Wood 46 (non-enterotoxigenic) _ i — 
923 (enterotoxigenic) . : — , _— 
859 (enterotoxigenic) ; — ‘ 
Jordan 7 (enterotoxigenic) . + : + 
Note.—+--+ = diarrhoea and vomiting. + = diarrhoea. -+ = inconclusive and inconstant result. 
* Enterotoxigenicity judged by human volunteer experiments. 


134 





See) 


tha 
diff 


arm 
aken, 


From these results it is concluded that feeding staphylococcus filtrates to kittens 
is not suitable for demonstrating the presence of enterotoxin in these extracts. 


Other Organisms Investigated. 


The greatly increased yields of « and 8 lysin obtained by shaking cultures of 
Staphylococcus aureus led us to try the effect of agitation upon other known toxin 
producers. Bacillus megatherium, isolated from a food preparation believed to have 
caused symptoms of poisoning, and a National Collection of Type Cultures strain of 
Clostridium botulinum (A toxin) were investigated. B. megatherium haemolysin. was 
found by us to be unaffected by shaking or by the modified atmosphere used with 
the staphylococci ; the amount produced (32 $-M.H.D. per ml.) and the time taken to 
produce it (96 hours) were the same by either method. No appreciable increase in the 
bacterial population was observed with-this organism. 

The strain of Cl. botulinum was grown in a cooked meat broth medium in an anaerobic 
jar. It was found that 0-1 ml. of the cell-free centrifugate was capable of killing mice 
in 8 hours if prepared from cultures 5-15 days old. Complete protection. was con- 
ferred by 200 units of monovalent Type A botulinwm antitoxin. When the culture 
in the ‘anaerobic jar was kept agitated day and night, either the formation of toxin 
was impaired, or the toxin, if produced, was destroyed almost as soon as it had been 
fabricated. At no time between 1 and 15 days did 1 ml. of the cell-free centrifugate 
produce death in any of the mice inoculated ; but with centrifugates from 5 to 10-day 
cultures non-fatal botulism was observed, comprising weakness of the forelimbs and 
drooping of the head, which did not occur with those animals receiving a prophylactic 
dose of Type A botulinum antitoxin. | i 


DISCUSSION. 


‘ Observations by previous workers on Salm. typhi-murium and Ps. fluorescens have 
shown that aeration, and still more oxygenation, lead to the development of a far 
greater number of organisms in culture than are produced under the usual atmospheric 
conditions of incubation (Wilson, 1930; Rahn and Richardson, 1942). Our own — 
observations show that this holds true also for Staphylococcus aureus, but not for 
Bacillus megatherium. It seems probable that those strains of Staphylococcus aureus 
which produce « and 8 lysins do so in direct relation to the amount and rate of growth. 
Enterotoxin, on the other hand, though appearing earlier in rapidly growing cultures, — 
is not produced in greater quantity, as far as can be judged by the imperfect methods 
available. ‘ 

In a number of experiments in which, as in Table I, parallel assays were carried 
out for « lysin and lethal toxins, these substances were found to be present in constant 
proportions. Purification and destruction were also found to occur at the same rate. 
The skin-necrotic toxin also bore a constant relation to the content of « lysin and 
lethal toxin both in crude extracts and in partially purified preparations. These 


. Observations are in conformity with those made by Levine (1939), who considers 


that the two are identical. , 
The growth of B. megatherium is less affected by shaking, and haemolysin formation 
seems to be uninfluenced by incubation of the culture in high percentages of CO, or O,. 
The effect of shaking on toxin formation by Clostridium botulinum was detrimental. 
Either a smaller quantity of toxin was produced, or alternatively a large proportion of 
that formed was destroyed hy surface denaturation. As was to be expected, no obvious 
difference was observed in the number of organisins generated. Clearly, the toxins 


135 





of anaerobic organisms are produced independently of free oxygen, and the greatly 
increased aeration which shaking brings about with the other two groups of organisms 
investigated can play no role in toxin production by anaerobes. 


SUMMARY. 


1. Shaking of the culture combined with incubation in an atmosphere containing 
80 per cent. O, and 20 per cent. CO, greatly increased the yield of « and 8 lysin of 
Staph. aureus. The yields of « and 8 lysin produced by shaking are 8 to 15 times as 
great as those produced by Burnet’s method. Proportional increases were observed 
in the production of lethal and skin-necrotic toxins. 

2. Enterotoxin was produced earlier under these conditions, but apparently not 
in greater quantity. 

3. Haemolysin production by B. megatherium was unaffected either by agitation 
or by an increased CO, and O, content of the atmosphere. 

4. Type A toxin of Cl. botulinum was still produced when the anaerobic culture 
was shaken, but in quantities which appeared to be greatly decreased. 


Our thanks are due to Prof. G. S. Wilson, who carried out for us the kitten tests, 
and to Dr. R. L. Vollum for assisting one of us (J. A. H. W.) with the experiments 
with Cl. botulinum ; also to those who volunteered to take the extracts. 
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